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Context:  Individuals with ACLR are at an increased risk of PTOA.  This increased 
risk is driven by quadriceps dysfunction that contributes to aberrant gait biomechanics and 
poorer self-reported outcomes.  Rehabilitation following ACLR focuses on improving 
quadriceps function, however, dysfunction persists for years after surgery.  Neurological 
deficits and atrophy may be accompanied by morphological alterations in quadriceps 
composition leading to poorer quadriceps muscle quality (QMQ).  Identifying mechanisms 
contributing to quadriceps dysfunction could lead to improved therapies that combat long 
term joint degradation.  Objective: Evaluate QMQ following ACLR and identify 
relationships to biomechanics and self-reported function.  Participants:  30 ACLR and 24 
uninjured healthy individuals.  Methods:  Participants completed three testing sessions 
(baseline, 1-month, and 3-months).  Bilateral ultrasound images were obtained from the 
vastus lateralis (VL) and rectus femoris (RF).   Gait biomechanics and PRO’s were as 
assessed at 3 months.  Main outcome measures:  Echo-intensity (EI), %EI change from 
baseline,  EI LSI’s,  peak vertical ground reaction force (vGRF), peak knee flexion angle, 
knee flexion excursion, peak knee internal extension moment (KEM), Knee Injury and 
KOOS for each subscale, IKDC scores.  Results: RF and VL EI is significantly higher at 1 
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and 3 months compared to baseline and to the contralateral limb.  Greater VL EI associates 
with smaller peak knee flexion angles during gait.  Greater asymmetries in RF EI are 
associated to larger interlimb differences in KEM.  Larger VL EI asymmetries are associated 
to larger interlimb differences in peak knee flexion angle and knee flexion excursion.  
Greater VL EI at 3-months is associated to poorer KOOS symptoms.  Higher VL EI at 
baseline, 1-month, and 3-months trended towards associations with poor self-reported 
outcomes on KOOS and IKDC.  Conclusions:  QMQ declines within the first month 
following ACLR and does not improve by 3-months.  Poorer quality is associated with 
aberrant gait biomechanics and poorer self-reported outcomes.  Ultrasound may be a useful 
tool to track QMQ following ACLR and across the course of rehabilitation.  Future research 
should continue to track QMQ changes over the entire course of rehabilitation.  Therapies for 
improving QMQ following ACLR should be investigated to determine if improving QMQ 
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CHAPTER I: INTRODUCTION 
 
Anterior cruciate ligament injury and surgical reconstruction (ACLR) are common in 
young, physically active individuals, affecting as many as 250,000 individuals in the United 
States annually.1,2  ACLR using patellar tendon or hamstring tendon autografts is the 
standard of care for replacing the native ligament and restoring knee stability.3,4  Despite 
restoration of mechanical stability with surgical intervention,5,6 those with ACLR are at a 
dramatically increased risk of long-term joint health complications in the form post-traumatic 
knee osteoarthritis (PTOA).7–10  As many as 30-80% of ACLR patients develop PTOA within 
the first two decades,7,8,11,12 with evidence of joint degradation occurring within two 
years.13,14  Because those with ACLR typically develop PTOA at a younger age than those 
who develop idiopathic OA, the financial costs represent a substantial financial burden with 
an annual lifetime cost in the United States of $7.6 billion.2  Currently, there is no cure for 
PTOA and many individuals progress to total knee arthroplasty (TKA).15  In an active 
military population, 74.3% of individuals who required TKA had prior ligament, meniscal, 
and/or chondral injuries with ACL injury being most common, leading to a mean time to 
TKA of 23.1 years post-injury.16  Identifying targetable mechanisms contributing to PTOA 
development following ACLR is a crucial step in enhancing long-term quality of life and 
reducing the associated economic burden.   
PTOA is caused in part by mechanical factors such as changes in walking gait 
biomechanics.17  Andriacchi et al.17,18 describe knee injury as an inciting event that starts a 
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cascade of mechanical and metabolic changes within the knee that leads to the breakdown of 
joint tissues. Despite restored joint stability and return to physical activity, alterations in the 
loading environment within the knee persist many years following ACLR.19–21  It is well 
documented that those with ACLR display an altered gait pattern that changes the 
mechanical loading of the knee.22–24  Multiple studies suggest that smaller sagittal plane knee 
moments and angles are primary contributors to PTOA development.  A meta-analysis shows 
that the surgical limb displays lesser peak knee flexion angles and external sagittal plane 
moments compared to healthy controls and the contralateral limb.22  Additionally, patients 
who develop PTOA within 5 years post-ACLR demonstrate lower peak knee flexion angles 
and lesser external peak knee flexion moments.25  These smaller sagittal plane angles and 
moments are also seen in those who already have knee osteoarthritis compared to heathy 
controls,26,27 and are linked to changes in cartilage morphology following ACLR.28  These 
changes in sagittal angles and moments lead to asymmetrical loading, potentially altering the 
metabolism of articular cartilage and initiating tissue breakdown.23,29,30   
Animal models suggest that greater rates of loading lead to a stiffened loading 
response and accelerated breakdown of cartilage.31,32  Individuals with ACLR display greater 
loading rates in the ACLR limb compared to healthy controls and the contralateral limb.33,34  
Other evidence suggests the magnitude loading is related to biomarkers of cartilage turnover 
following ACLR.23  Early following ACLR, lower loading magnitude is linked to worse 
patient reported symptoms, while greater loading is related to poorer self-reported outcomes 
in those further removed from surgery.35  Because walking gait is cyclical in nature and 
individuals take thousands of steps each day, even small changes in loading may alter 
cartilage homeostasis, leading to degradation and PTOA.18  
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Quadriceps dysfunction in the form of weakness and activation failure is a common, 
lingering complication following ACLR.36–40  Individuals with ACLR consistently 
demonstrate lesser sagittal plane knee moments and angles, both of which have been 
attributed to quadriceps weakness.22,25,41–43  The quadriceps muscles are the primary dynamic 
stabilizers of the knee joint and eccentrically control knee flexion during walking. 
Individuals with ACLR and OA with weaker quadriceps display a gait pattern with smaller 
sagittal plane knee angles and moments compared to healthy controls.42,44  Poorer isometric 
quadriceps rate of torque development has also been linked to greater loading rates in those 
with ACLR.43  This evidence suggests that quadriceps dysfunction potentially influences 
PTOA risk following ACLR by contributing to aberrant gait biomechanics.   
Quadriceps weakness and atrophy following ACLR are due in part to altered neural 
factors, both peripherally and centrally, that reduce the capacity for individuals to voluntarily 
activate the muscle.37,38,45–50  These deficits in voluntary activation are in caused in part by 
partial deafferentation due to loss of the native ligament leading to compromised afferent 
signaling to the central nervous system.38,46,51 The altered afferent signaling from the 
damaged articular receptors causes inhibition of the quadriceps α-motor neuron pool leading 
to arthrogenic muscle inhibition.37,45,46  Deficits in corticomotor excitability also contribute to 
quadriceps dysfunction and may be responsible for bilateral quadriceps inhibition commonly 
seen following ACLR.52–54  Alterations in strength and activation are seen early following 
ACLR and can persist for decades.38,55,56  Rehabilitation techniques targeting quadriceps 
dysfunction often fail to restore proper function and biomechanics, potentially due to ta 
failure to address all of the underlying contributors.   
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In addition to the neural contributors to quadriceps dysfunction, concomitant changes 
in muscle morphology have been observed that likely impair force producing capacity 
following ACLR.  Muscle biopsies demonstrate that muscle fiber cross-sectional area (CSA) 
decreases, the concentration of type II muscle fibers declines, and the extracellular matrix 
between fibers increases in size.57  These adaptations have been reported an average of 6 
months post-ACLR, thus they persist throughout the rehabilitation period and the resumption 
of physical activity.  Additionally, our preliminary data suggest that the surgical limb 
displays poorer quadriceps muscle quality (QMQ) measured via ultrasound (US) compared 
to the contralateral limb an average of 49 months post-ACLR.  Poorer QMQ is caused by an 
increase in non-contractile (fatty and fibrous tissue) elements within the muscle.58  The 
increase in extracellular matrix leads to lesser area represented by active contractile 
components within the muscle.  Decreases in activity, muscle activation deficits, mobility 
limitations, and injury are some of the leading causes of increased intramuscular fat.59  
Higher concentrations of fat within a muscle limit its ability to produce force.59,60  In turn, 
reduced muscle function incurs greater infiltration of fatty tissue in a detrimental cycle of 
cause and effect.59  Following ACL injury and ACLR, patients exhibit lower physical 
activity,61,62 muscular activation deficits of the quadriceps,45,46,63 and altered gait patterns that 
may lead to increased fat within the quadriceps.  Greater adipose tissue also has a deleterious 
effect on voluntary activation as seen by lesser central activation ratio in older individuals 
with greater intramuscular fat.64  Additionally, our preliminary data indicate that quadriceps 
QMQ impedes functional performance in that poorer QMQ is associated with shorter single 
leg hopping (SLH) distance and isometric quadriceps strength.   
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Techniques for evaluating muscle quality can be expensive, time consuming, and 
cause patient pain.  The gold standard for evaluating muscle composition is via biopsy.57  
This process allows direct assessment of muscle characteristics but can be painful to the 
patient, requires substantial time and processing costs, and requires training to derive and 
interpret the findings that is inconsistent with clinical expertise.  As such, this method is not 
feasible for longitudinal clinical assessments.  MRI does not cause pain, but is expensive, 
requires substantial space and time, and requires additional certifications to operate.  
Ultrasound is a cost-effective tool that can be used to obtain a surrogate measure of muscle 
quality in a variety of settings by a wide range of clinical providers with no known risks to 
patients.65  Ultrasound echo-intensity (EI) is highly correlated with intramuscular fat content 
derived from MRI.66  EI refers to the brightness of a region of interest in an ultrasound 
image, with higher EI representing greater noncontractile tissue (i.e. fat, connective tissue, 
fibrous tissue) within a muscle and poorer muscle quality.58,66,67  When compared with CT 
and MRI, ultrasound is a reliable alternative and more clinically applicable modality for 
assessing quadriceps muscle characteristics.   
Higher EI in elderly individuals and those with OA is related to decreased strength 
and poorer function during activities of daily living.68–71  Greater amounts of adipose tissue 
reduce a muscle’s ability to effectively contract leading to a decrease in force producing 
capabilities.60  Central activation ratio (CAR) is lesser in healthy individuals with greater 
amounts of intramuscular fat,64  and our pilot data indicate that poorer QMQ is related to 
poorer quadriceps function with the ACLR limb displaying poorer QMQ compared to the 
contralateral.  Therefore, greater fat in the ACLR limb early following surgery may hinder 
quadriceps function.  EI derived from US is a useful measure to evaluate quadriceps function, 
6 
 
because muscles with higher amounts of adipose tissue will appear brighter, indicating a less 
capable muscle.  Because greater intramuscular fat is linked to quadriceps dysfunction, it is 
reasonable to assume that those with ACLR are at risk of compositional changes within the 
muscle that may hinder quadriceps function and exacerbate faulty gait mechanics, 
contributing to PTOA development.  Our preliminary data in individuals with ACLR 
supports this notion, demonstrating associations between poorer QMQ and limitations in 
strength and functional ability.  Additionally, our preliminary data indicate that QMQ is 
poorer in the ACLR limb compared to the contralateral limb an average of 4 years post-
ACLR.  However, the time course of changes in QMQ following ACLR are unknown.  
Furthermore, the implications of poor QMQ for gait biomechanics linked to PTOA 
development are unclear.        
Individuals with ACLR exhibit prolonged deficits in quadriceps function leading to 
altered gait biomechanics and increasing the risk of PTOA.  Therapies for improving 
quadriceps function are often minimally effective, likely due to an incomplete understanding 
of the underlying causes and may be partially attributed to changes in muscle composition as 
observed in our preliminary data approximately 4 years removed from surgery.  Use of US 
would allow clinicians to observe changes in QMQ that have an impact on quadriceps 
function.  However, it is unclear how composition of the quadriceps muscle changes early 
following ACL injury and reconstruction.  Patients are restricted from performing tasks that 
are indicative of quadriceps function such as maximal knee extension effort or dynamic tasks 
such as hopping for several months following ACLR in an effort to protect the graft.  
Therefore, measuring QMQ early following surgery may provide a surrogate measure of 
functional capacity before patients are able to perform these tasks.  If our hypotheses are 
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correct, clinicians will be able to track changes in composition following surgery and 
alter/adjust rehabilitation paradigms based on the effectiveness of the rehab to mitigate these 
changes.  Following 6 months of physical therapy, most patients no longer receive formal 
rehabilitation and care.  Maximizing the efficacy of therapies during the first 6 months post 
ACLR to address all the underlying factors related to quadriceps function may improve long 
term knee joint health.  Additionally, the aforementioned changes in quadriceps structure 
have been reported using MRI and muscle biopsy methods which are not feasible for routine 
clinical use.  The effects of changes in muscle composition on walking gait biomechanics 
following ACLR, both in the short term and long term, are also poorly understood.  Linking 
compositional changes to aberrant mechanics provides a mechanism clinicians can 
potentially target immediately following ACLR that may improve gait characteristics further 
removed from surgery.  Therefore, the purpose of this study is to longitudinally evaluate 
QMQ following ACLR and the determine concomitant effects in quadriceps function and 
gait biomechanics.  We will address our overall objectives of this dissertation with the 
following specific aims: 
Specific Aim 1: Identify the time course of changes in QMQ measured via ultrasound 
over the first 6 months following ACLR.   
We hypothesize that QMQ will decline over the first 6 months following ACLR.  At 1, 3, and 6 
months, the ACLR limb will display poorer QMQ compared to baseline (pre surgery) and the 
contralateral limb.  At 6 months QMQ will also be worse in the ACLR limb compared to 1 and 3 
months post-ACLR. At 3 months, we expect QMQ to be poorer compared to 1 month and baseline in 
the ACLR limb.   QMQ will also be worse at all timepoints post-ACLR compared to a healthy 
matched control group, but the groups will be similar at baseline.   
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Specific Aim 2: Determine the associations between QMQ and walking gait 
biomechanics at 3 and 6 months following ACLR. 
We hypothesize that individuals with poorer QMQ and larger declines in QMQ over the first 6 
months post-ACLR will display a gait profile associated with PTOA development during level 
treadmill walking as evidenced by lesser internal knee extension moments, knee flexion excursion, 
and peak vGRF, and greater vGRF loading rates.   
Specific Aim 3: Determine the associations between QMQ at 1, 3, and 6 months post-
ACLR and clinical outcomes (quadriceps function, single leg hop distance, and patients 
self-report outcomes) at 6 months post-ACLR.   
We hypothesize that those with poorer QMQ and greater declines in QMQ 1, 3, and 6 months 
following ACLR will display poorer quadriceps function at 6 months evidenced by lower peak torque 
and rate of torque development during maximal voluntary isometric contraction, as well as shorter 
single leg hop distances.  We also hypothesize that poorer QMQ will result in greater asymmetries in 
quadriceps function and hopping.  We also hypothesize that poorer QMQ and greater declines in 
QMQ will be associated with poorer self-report outcomes for all subscales of the knee injury and 
osteoarthritis outcome score (KOOS) at 6 months post-ACLR.    
The proposed study will advance understanding of the significance of changes in 
quadriceps composition following ACLR.  Understanding the mechanisms behind quadriceps 
dysfunction will inform development of superior therapies for improving function and 
reducing PTOA risk following ACLR.  Diagnostic ultrasound is a cost-effective, easily 
attainable tool that may provide a clinically feasible method for tracking QMQ as a risk 
factor for PTOA and the progression of rehabilitation.  QMQ assessed via US may be an 
effective tool for predicting quadriceps function early following ACLR when strength, 
activation, and functional performance assessment are not ethically feasible.  If individuals 
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with ACLR display increases in intramuscular fat early following ACLR, therapies outside 
traditional strengthening and modalities such as lifestyle, dietary, and/or supplementation 

























CHAPTER II:  REVIEW OF THE LITERATURE 
 
Knee Osteoarthritis 
Knee osteoarthritis (KOA) is a common disability that hinders many people across 
the world.72  In fact, symptomatic KOA affects up to 12% of the entire population of the 
United States, making it one of the most common chronic medical conditions.73,74  Affecting 
over one third of people over the age of 65, OA is one of the leading causes of disability and 
costs Americans on average $51 billion annually.75–77  OA can be characterized as a gradual 
reduction of articular cartilage within a joint and presents with cartilage loss, bony changes, 
inflammation within the joint, and degradation of the menisci.78  The most common approach 
to clinical diagnosis includes a physical examination and analysis of patient symptoms.  
Radiographs are also commonly used as a metric to track the severity and progression of OA 
by examining joint space narrowing and identifying osteophytes.  Grading of radiographs is 
performed using the Kelgren Lawrence Scale, and patients receive a score from 1 (minimal 
narrowing) to 4 (large osteophytes and major narrowing).79   As a result of the inflammatory 
and structural changes within the joint, individuals with knee OA experience functional 
disability.80,81   
Symptoms of OA typically include pain, stiffness, loss of function, and deteriorating 
quality of life, and can lead to multiple comorbidities such as obesity, depression, and 
cardiovascular disease.82–85  Currently, OA is the 4th leading cause of years of life lost due to 
disability.80  Because of the debilitating conditions associated with KOA, these individuals 
experience declined health by not reaching adequate levels of physical activity and 
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function.86  Over half of those with OA do not meet the recommended daily guidelines for 
physical activity and spend more time being sedentary, exacerbating the aforementioned 
comorbidities. 87,88  Currently, there is no cure for OA and treatment strategies are extremely 
poor.  The only effective treatment for end stage OA is total joint replacement.16,72  Because 
current diagnosis relies on symptoms and radiographic changes, irreversible damage to the 
articular surfaces has already occurred at the time of diagnosis, yielding most treatment 
strategies ineffective.   
 The majority of OA cases develop idiopathically, meaning there is no known 
definitive cause.  The next leading category of OA cases is those that result from sustaining a 
significant joint injury.89,90  This is classified as post-traumatic osteoarthritis (PTOA).  A 
joint injury, and especially ACL injury, is an inciting event that initiates the development of 
PTOA.  Up to 80% of those with ACL injury will go on to develop PTOA within the first 
decade following ACLR.8,12  This makes individuals with ACLR a great model for studying 
contributors to PTOA development.  Those with idiopathic OA typically are diagnosed 
around the age of 55,91 but those with PTOA develop the disease at a much younger age.   
This leads to living with the disease for a longer period of time and a greater financial 
burden, with a lifetime annual cost of up to $7.6 billion following ACLR.2  
Anterior Cruciate Ligament Injury 
Anterior cruciate ligament injury and surgical reconstruction (ACLR) are a common 
occurrence in young, physically active individuals with as many as 250,000 occurring within 
the United States annually.1,2  The majority of ACL injuries occur in individuals between the 
ages between 15 and 45 with over half of the injuries occurring from 15 to 25 years of age.1  
These injuries are common in sports such as skiing, American football, soccer and basketball 
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with approximately 1 ACL injury occurring every 1500 hours of participation.1,92–94   These 
injuries result in instability of the knee joint and decreased lower extremity function in most 
patients.92  Pain is also a major source of dysfunction following ACL injury.92  In order to 
mitigate symptoms, ACLR is performed as the standard of care using autografts or allografts 
to replace the native ligament and regain stability of the knee3,4  Patellar tendon and 
hamstring tendon autografts are the two most common choices for graft type4, though the use 
of the quadriceps tendon for the ACL graft is beginning to increase.95   Short term outcomes 
are generally positive following ACLR with approximately 82% of patients resuming 
physical activity at some level.61  
 Despite the restoration of mechanical stability with surgical intervention,5,6 those 
with ACLR are at a dramatically increased risk of long-term joint health complications in the 
form post-traumatic knee osteoarthritis (PTOA).7–10  This is accompanied by lower extremity 
dysfunction that persists for years even with return to physical activity.41,55,62,96  As many as 
30-80% of ACLR patients go on to develop PTOA within the first two decades from 
surgery,7,8,11,12 with radiographic evidence of joint degradation occurring within two 
years.13,14  While the majority of those with OA typically develop the disease later in life, 
those with joint injury, such as an ACL injury, are diagnosed with the disease at an average 
of 10 years earlier than those with idiopathic OA.97   Developing KOA leads to a lifelong 
burden of pain and dysfunction that severally impacts quality of life.98  Increased levels of 
pain and dysfunction in these people cause severe disability and a decline in physical activity 
that may attribute to an increased risk of diabetes, cardiovascular disease, and mortality.82,99  
Because those with ACLR are typically younger and develop OA at a younger age, the 
financial costs throughout their lifetime can be detrimental with an annual lifetime cost 
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within the United States of $7.6 billion.2  Currently, there is no cure for OA and many 
individuals eventually require total knee replacement surgery.15  In the active military 
population, 74.3% of individuals who required TKA had prior ligament, meniscal, and/or 
chondral injuries with ACL injury being most common, leading to a mean time to TKA of 
23.1 years post-injury.16   
ACL Injury Risk 
ACL injuries are primarily caused by non-contact mechanisms, accounting for up to 
80% of all ACL ruptures.  These injuries are multifactorial with no single definitive cause 
identified in the literature.1,94,100  Common identifiable risk factors fall into anatomical, 
biomechanical and/or physiological categories.100   
 Multiple anatomical factors may predispose an individual to greater ACL injury risk.  
Greater knee joint laxity has been identified as a risk factor for ACL injury,101–104 as this 
factor allows for the ligament to reach kinematic extremes that introduce greater stress and 
lead to injury.  The width of the intercondylar notch has also been noted as an anatomical risk 
factor for injury,105,106 with notch width, identified using radiographs, being smaller in the 
ACL-injured limb compared to the contralateral uninjured limb.105  Greater BMI has also 
been linked to increased risk for ACL injury and this risk is greater in those who are 
taller.107,108  Taller individuals are potentially at a disadvantage due to longer limbs and 
increased moment arms leading to torques about the knee joint.  
 Sex hormones may also play a key role in increased risk for females to sustain an 
ACL injury.109–111   These hormonal concentrations are related to phases of the female 
menstrual cycle that likely alters the function and integrity of the ACL.112  During the 
periovulatory and luteal phases of the menstrual cycle, greater joint laxity is observed and is 
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linked to collagen synthesis of the ligament, potentially altering the strength of the 
ACL.112,113  Females are at a much greater risk of sustaining an ACL injury, and fluctuation 
in hormones may play a key factor in the high prevalence of ACL injuries in females 
compared to their male counterparts.94,114,115   
 Biomechanical factors associated with jumping, landing, cutting, and running may 
also influence the risk of ACL injury.  Common kinematics associated with ACL injury 
include lower knee flexion angles, greater knee rotation, and valgus collapse at the time of 
injury.115–118 A combination of lesser knee flexion with greater valgus during cutting and 
landing is widely accepted as a primary mechanism of non-contact ACL injury.1,107,115,119  
Cadaveric studies indicate that greater strain occurs in the ACL when the knee is in less 
flexion in conjunction with valgus and rotational stress applied to the knee joint.101,120–122   
Landing and cutting with less knee flexion predisposes the knee joint to greater anterior tibial 
translation, as greater translation occurs from 18° to 27° of flexion placing high loads on the 
ACL.123  Greater external rotation in conjunction with a valgus force causes the ACL to 
become impinged along the lateral aspect of the intercondylar notch leading to greater strain 
on the ligament.105  Kinetics are also important to consider for ACL injury risk.  Dynamic 
tasks during sport associated with ACL injury place considerable force on the lower 
extremity which is typically evaluated by measuring ground reaction force (GRF) and/or 
moment about the joint.124  GRFs are the equal and opposite forces that a body applies to the 
ground during weight bearing tasks while moments are the net forces acting on a join that 
cause angular motion.124  During double and single limb landing and cutting tasks, greater 
vGRFs are seen in females who are at a greater injury risk than males.125–127  Greater anterior 
translation during landing tasks is related to lesser external knee flexion moments.111,127,128  A 
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combination of greater GRFs, lesser knee flexion moment and angle, and greater rotational 
and valgus forces are likely the biomechanical factors that lead to ACL injury risk.  
 The greatest risk factor for ACL injury is having sustained a previous ACL 
injury.107,108,129  The risk for sustaining a second ACL injury is not only greater in the 
surgical limb, but also in the contralateral limb.130  This may be due impart to fallacies within 
current rehabilitation programs for those with ACLR.131  Currently, these paradigms are often 
not effective and restoring proper neuromuscular and biomechanical functions.  Following 
ACLR, patients demonstrate similar biomechanical patterns as mentioned previously that 
may have caused the initial injury.42,46,132  These mechanics include a jump landing pattern 
with smaller knee flexion angles, greater knee rotation, and vGRF.17,42   
Neuromuscular Consequences of ACLR 
 Despite surgeons and clinicians’ best efforts, quadriceps weakness and atrophy are 
common problems following surgical reconstruction and rehabilitation.  Weakness occurs 
instantaneously following ACLR even in the absence of atrophy due to arthrogenic muscle 
inhibition (AMI).  AMI is present immediately following surgery and may persist for many 
years leading to chronic dysfunction.45,46  AMI can be categorized as a reflexive form of 
neural inhibition that diminishes the efferent motor drive to the quadriceps following knee 
joint injury.133  AMI is the body’s way of protecting the knee joint by preventing pain and 
excessive motion at the knee.134  In turn, this cascade of events leads to prolonged weakness 
that can cause wasting and atrophy of the quadriceps musculature.  AMI can be difficult to 
assess in the clinical setting.  In the laboratory setting, measuring central activation ratio 
(CAR) is the most common way to assess AMI.  This measure estimates the capacity to 
maximally voluntarily activate a muscle and represents a percentage of maximal activation.  
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Following ACLR, deficits in activation are extremely common and, in some cases, approach 
a 50% reduction in CAR.47  Even with strict rehabilitation and strengthening, deficits in 
activation are present years after injury and surgical reconstruction.   Deficits in activation 
can have a deleterious effect on strength as shown by Palmieri-Smith et al.135  Unfortunately, 
decreases in activation are in both the ACLR and contralateral limbs, with some studies 
reporting up to a 24% decrease in activation in the uninjured limb.54,132  These deficits in 
activation in both the injured and contralateral limbs suggests that AMI is caused by both 
peripheral mechanisms around the joint and central mechanisms that influence the initiation 
of movement and muscle function.45 
 The sensory receptors within the knee joint are important to understand with regards 
to changes in afferent signaling following injury and surgical reconstruction.  Not only do the 
ACL and surrounding structures contribute to the passive stability of the knee, they also 
contain essential mechanoreceptors that send sensory information about joint position, 
motion, and loading forces across the joint to the central nervous system.45,46,136  The sensory 
receptors within the knee are categorized into two major classifications.45,137  These two 
classes are group II afferents, classified as large, myelinated, afferent fibers, and the others 
are group III/IV afferents that are smaller and less myelinated.137  The group II afferents are 
sensitive to different types of mechanical stimuli such as stress and pressure and include 
Ruffini endings, Pacini-form corpuscles and Golgi-like endings that sense tension across the 
ACL.136–139  The majority of the nerves within the knee are group III/IV afferents.137,138,140,141  
These receptors are free nerve endings that are sensitive to mechanical, thermal, and 
chemical stimuli and serve as primary nociceptors within the joint.  These afferent endings 
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are essential for sending information regarding pain, swelling, and inflammation to the 
central nervous system.   
 Initial swelling following ACL injury is a primary contributor to AMI.  Frobell et 
al.142 demonstrated that swelling can last up to 3 months following injury and up to 12 
months following ACLR.  Even in the absence of pain and inflammation, swelling alone has 
been revealed to induce inhibition by altering the firing frequency of group II afferents.143,144  
Multiple studies demonstrate that artificially induced joint effusion leads to inhibition and 
concomitant weakness of the quadriceps in the absence of pain.145,146  Knee joint effusion has 
been shown to reduce quadriceps EMG activity, spinal reflexive responses, and force 
output.147,148  Greater swelling is hypothesized to increase intra articular pressure causing an 
increase in group II afferent firing, which elicits a strong inhibitory response to the 
quadriceps.45,117  Inflammation also contributes to AMI by stimulating group III/IV free 
nerve endings from a chemotaxis response.137  Injection of a corticosteroid into the knee joint 
in those with rheumatoid arthritis produces improved quadriceps torque and EMG within 14 
days, suggesting that reducing inflammation reduces AMI in the short term.149    Following 
injury and surgery, the prolonged inflammatory response over-sensitizes the group III/IV 
afferents causing an inhibitory action with or without the presence of pain.45  Joint laxity 
following injury likely contributes to AMI as well.45  Following ACL injury, the loss of 
integrity of the ligament itself leads to greater tibial translation that increases activation of 
mechanoreceptors and nociceptors, thus causing quadriceps inhibition.132,150  Damage to the 
articular receptors themselves is also a concern with regards to AMI.  Following a traumatic 
injury, like and ACL injury, the afferent endings can be injured, thus altering the afferent 
output to the central nervous system.45,150   
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 Changes in afferent discharge following ACL injury leads to AMI partially through 
the spinal reflexive pathways within the spinal cord.  The alterations in afferent signaling 
inhibit excitation of the α-motoneuron pool of the quadriceps causing incomplete activation 
of the quadriceps during voluntary tasks.45,46,150,151  Three different spinal pathways that 
influence excitability of the α-motoneuron pool of the quadriceps are believed to contribute 
to AMI.  These are the 
nonreciprocal (Ib) inhibitory 
pathway, the flexion reflex, and 
the Gamma (γ) loop.45,46  It is 
believed that swelling affects 
discharge of group II afferents and 
may facilitate the Ib inhibitory 
interneuron, thus inhibiting the 
quadriceps α-motoneuron 
pool.46,152  The flexion reflex is 
believed to contribute to AMI by 
facilitation of the knee flexors while inhibiting the quadriceps.  Animal models show that 
increased inflammation within a joint causes an increase in flexion reflex excitability and 
reduced quadriceps activation.153  In order to achieve maximal activation, it is essential to 
have normal function of the γ-loop spinal reflex circuit.  This circuit innervates muscle 
spindles that transmit excitatory signals to the α-motoneuron pool.  Any disruption of this 
pathway contributes to AMI.154  Following ACLR, decreases in Ia input from the muscle 
spindles to the α-motoneuron pool are observed for up to 20 months.155,156  This is due to a 
Figure 1: Schematic of the Gamma Loop Pathway 
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depletion of available neurotransmitter and a heightened Iα threshold suggesting γ-loop 
dysfunction from the injury and surgery is caused by increasing presynaptic inhibition thus 
reducing the effectiveness of the Ia afferent to signal the α-motoneuron pool and the ability to 
activate the quadriceps maximally (Figure 1).133,157  It is hypothesized that damage to the 
ACL during injury alters the feedback from receptors within the ACL and disrupts the 
signaling to the γ-motoneurons and the supraspinal areas, diminishing  α-motoneuron 
activation during maximal activation.45,154 
AMI is not entirely caused by alterations within spinal reflexive pathways.  Joint 
afferent pathways have many connections to the supraspinal centers in conjunction with the 
spinal pathways.158–160  Following unilateral ACL injury, motor cortex activation threshold is 
reduced, as measured via transcranial magnetic stimulation, compared to healthy controls and 
to the contralateral limb.160,161  Lepley et al.160 reported that while spinal reflexive pathways 
were inhibited early on following ACLR in the acute stages of recovery, there were no 
deficits early in corticospinal excitability.  Conversely, at 6 months post-ACLR, corticospinal 
excitability was suppressed while spinal reflexive impairments improved over time from 2 
weeks to 6 months post-surgery.160  These deficits in spinal reflexive and corticospinal 
excitability were seen in conjunction with quadriceps weakness and voluntary activation 
deficits.  At an average of 48 months post ACLR, individuals with ACLR demonstrate a 
reduction in corticospinal excitability compared to healthy controls.162  Alterations in 
corticospinal excitability appear to be a chronic adaptation to extensive joint injury and 
reconstruction that may alter the organization of pyramidal cells.163  The brainstem also 
contributes to AMI as it has inhibitory control over the spinal neurons associated with pain 
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and the flexion reflex.  Injury to the knee joint enhances descending output from portions of 
the brainstem increasing the aforementioned flexion reflex, thus increasing AMI.164,165  AMI 
is multifactorial and disruptions from spinal reflexive or corticospinal pathways likely 
contribute to this dysfunction (Figure 2). 
The most common consequence of AMI following ACLR is quadriceps weakness, 
which has been well established to persist for years following injury and surgical 
reconstruction.  Reductions in quadriceps strength influence a variety of outcomes following 
ACLR and likely play a vital role in the development of PTOA.44,50,56  Sixty-one percent of 
the variance in self-reported disability following ACLR can be predicted from quadriceps 
strength.50,166  Tourville et al.56 demonstrated that patients with reduced quadriceps strength 
at approximately 4 years post-ACLR also presented with significant reductions in 
tibiofemoral joint space width, a hallmark indicator of cartilage health.  The quadriceps’ role 
during ambulation is to attenuate shock and evenly distribute loads across the knee joint.  
Figure 2: Schematic of Arthrogenic Muscle Inhibition (Rice and McNair 2010) 
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Quadriceps dysfunction alters the ability of the muscle to eccentrically control the limb 
during walking, altering the 
dissipation of forces across the 
joint.  Reductions in quadriceps 
strength influence lower extremity 
biomechanical patterns with weak 
individuals displaying a reduction 
in knee flexion angle and internal 
knee extension moments 
compared to health control 
participants.42  A reduction in knee flexion angles during the stance phase of gait is related to 
greater vGRF magnitude and loading rate, which may increase degenerative changes to the 
articular cartilage.167  Animal models suggest that greater magnitude and rate of loading 
influence cartilage breakdown and has been display during walking in females following 
ACLR.31–33  Individuals who can produce higher rate of torque development (RTD) during 
isometric contractions display lower magnitude and loading rate of the vGRF and reduced 
magnitude of the heel strike transient.43    Throughout the stance phase of gait, the quadriceps 
perform an eccentric action that allows for smooth motion through controlled knee flexion to 
attenuate force across the knee joint.42  Reductions in strength, leading to lesser knee flexion, 
contribute to lesser internal knee extension moment (KEM).  KEM is a surrogate for the net 
quadriceps contribution during loading, with lower KEM potentially indicating less energy 
absorption by the quadriceps, and a greater amount of force being applied to the knee 
joint.133,168  This indicates that those with better quadriceps function following ACLR walk 
Figure 3: The Influence of Gait mechanics of Cartilage Health 
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with a more normal gait pattern, potentially reducing the risk of PTOA development. 
Andriacchi et al.17,169 have demonstrated that quadriceps dysfunction from AMI directly 
influences gait biomechanics, and these mechanics change both the mechanical and 
biological environment within the knee joint (Figure 3).  
Alterations in Gait Biomechanics Following ACLR 
Quadriceps weakness and dysfunction following ACLR is a primary contributor to 
altered walking gait biomechanics following ACLR.41,42,133  As mentioned previously, the 
quadriceps attenuate forces during gait and evenly disperse load across the joint.  Any 
alteration in quadriceps function alters how loads are distributed and changes both the 
magnitude and the rate of loading, which is disadvantageous to cartilage health.31,51,170  
Articular cartilage is viscoelastic in nature and is therefore highly influenced by the rate at 
which it is loaded.171,172  Animal models show that repetitive loading of articular cartilage at 
higher rates of loading causes a stiffening response followed by fissuring and breakdown, 
mimicking rapid degeneration.31,32,172  The rapid degeneration of cartilage seen as early as 
one year following ACLR is likely attributed to changes in loading rate and magnitude 
during gait.13  Blackburn et al.173 demonstrated that poorer quadriceps function was 
associated with greater loading rates and peak vGRF following ACLR that likely influences 
loads on articular cartilage.  Females following ACLR also demonstrate higher loading rates 
and greater transient vGRF magnitude in the ACLR limb compared to the contralateral 
limb.33  Conversely, Pietrosimone et al.23 demonstrated that greater loading following ACLR 
was related to biomarkers indicating lesser cartilage breakdown.  Symptoms following 
ACLR may also be related to loading.  Within the first year following surgery, symptomatic 
individuals, as identified via the KOOS, display lesser vGRF, while those who are 
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symptomatic and greater than 24 months removed from surgery display greater vGRF.174  
This suggest that symptomatic individuals may offload the joint early post-ACLR but over 
time develop a gait strategy that overloads the joint. 
 Healthy cartilage is able to adapt to loading during cyclical tasks such as walking, 
biking, and jogging by increasing cartilage thickness.175 Loading in healthy cartilage leads to 
greater proteoglycan production and an increase in chondrocytes, thus causing a thickening 
response.176   The thickest region of femoral articular cartilage in healthy individuals is 
highly related to knee flexion angle at heel strike, and typically the thickest tibial and femoral 
cartilage regions align near full extension.177  On the contrary, immobilization of a joint 
causes cartilage thinning, indicating that a certain amount of loading is necessary to maintain 
cartilage health.178  Alterations in kinematics are believed to contribute to cartilage 
degeneration by shifting the region of loading from areas of thicker cartilage to thinner areas 
that are not accustomed to repetitive loading.49,169 A change in the loading pattern to areas of 
unconditioned, thinner cartilage leads to greater fibrillation and breakdown of collagen, 
speeding up the progression of PTOA.169  
A change in the overall tibiofemoral contact force may also contribute to cartilage 
degeneration.  The quadriceps and hamstring musculature are important contributors to force 
applied on the joint.  Any alteration in muscle activation, may drastically alter force 
distribution across the joint and therefore influence articular cartilage loading.179,180  During 
normal gait, the quadriceps and the hamstrings potentially limit loading of the medial 
compartment by reducing the external adduction moment.180  Some evidence suggests that a 
reduction in tibiofemoral contact force may contribute to the initial breakdown of articular 
cartilage.20,24,181,182  This may result from an attempt to offload the joint as a potential 
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protective mechanism.  Saxby et al.179 demonstrate that those with ACLR exhibit lower 
tibiofemoral contact force during walking, running, and side stepping.  These lower contact 
forces, are believed to be attributed to lower sagittal plane angles and moments.179  While the 
contact forces were lower, the ACLR knees underwent less total range of motion, therefore 
reducing the total contact area, leading to focused load in a finite area of the cartilage.  On 
the contrary, Gardinier et al.182 demonstrate smaller contact forces in both the medial and 
lateral compartments of the ACLR limb compared to the contralateral limb, without a change 
in contact area.  Changes in tibiofemoral contact force are persistent and some individuals 
continue to display alterations following the resumption of sport like activity.20  These 
alterations in contact force may be a critical variable in the development of PTOA as those 
with ACLR who go on to develop PTOA within 5 years of surgery demonstrate greater 
interlimb differences in contact forces at only 6 months post-surgery compared to those who 
do not go on to develop PTOA.24  Caution must be taken with the interpretation of the 
literature regarding tibiofemoral contact forces.  Most of these studies utilize EMG driven 
models to estimate contact force and area and may not truly represent the true contact forces 
presented.  EMG driven models introduce the potential for a multitude of errors that need to 
be considered when interpreting the data.  These models assume that EMG during maximal 
contractions at a given angle are representative of the forces at different joint angles during 
dynamic tasks and this may not be completely accurate.  In a pathological population, 
inhibition and atrophy can lead to altered EMG activity that may not be a true representation 
of the status of the muscles of interest, thus invalidating the EMG driven model.   
Greater co-activation of the hamstrings during quadriceps driven tasks has been 
reported following ACLR.183  Reduction in knee extension peak torque during isometric 
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contractions is related to greater antagonist activation of the hamstring musculature.183  
Individuals with ACLR also demonstrate greater quadriceps-hamstring co-activation during 
walking gait at heel strike and during the preparatory phases of gait compared to the 
contralateral limb and to a healthy control cohort.184  Greater co-activation in these same 
individuals was related to lesser knee flexion displacement and smaller internal KEM.184  
Greater co-activation during gait may have a deleterious impact on cartilage loading by 
making the limb more stiff, thus increasing the compressive forces between the femoral and 
tibial articulating surfaces.185  Individuals with knee OA are also reported to walk with 
greater co-activation.186  Those who display a longer duration of co-activation are also more 
likely to develop knee OA at a quicker rate than those who display lesser co-activation 
throughout the gait cycle.187   
Changes in gait biomechanics theorized to contribute to the risk of PTOA 
development are consistently linked to alterations in the sagittal plane, and this is driven by 
quadriceps dysfunction.42  Decreased quadriceps strength, commonly seen in individuals with 
ACLR, is related to reduced sagittal plane moments and deficits in knee flexion angles.42  
Dynamic stability of the knee joint is highly dependent on the quadriceps, and as noted 
previously, is essential for mediating loading rates and dissipating forces during gait.44,188,189  
The quadriceps produces an internal knee extension moment in response to large external 
flexion moments.  These sagittal plane kinetics and kinematics are consistently reported in 
the literature as being altered following ACLR and contributing to the development of PTOA 
by altering contact area and forces within the knee joint.22,25,28,181,190–193  At 6 months 
following ACLR, some evidence suggests greater knee flexion angles compared to healthy 
controls.194,195  This is hypothesized to occur due to a lack full extension that was not 
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resolved with rehabilitation.   Other evidence suggests smaller knee flexion angles are seen in 
those between 1- and 3-years post ACLR compared to the contralateral limb.196  Compared to 
the contralateral knee, data consistently supports the notion that the ACLR displays lesser 
knee flexion angles throughout walking gait.19,21,197  Di Stasi et al.19 demonstrate that both 
those who pass and fail return to sport criteria display lesser peak knee flexion angles and 
external flexion moments compared to the uninvolved limb.  Those who failed return to sport 
testing presented with lesser knee flexion angles and smaller sagittal moments during 
walking compared those who passed testing, further suggesting that quadriceps function 
plays an essential role gait biomechanics following ACLR.19  Scanlan et al.28 reported that 
individuals following ACLR who walk with smaller sagittal plane moments display greater 
changes in cartilage morphology, therefore linking a potential mechanism between sagittal 
plane alteration and PTOA development.  Khandha et al.25 support this notion by showing 
that those 5 years removed from ACLR who develop PTOA present with a gait pattern 
characterized by smaller knee flexion angles and sagittal moments.  Wellsandt et al.24 also 
showed that those who display smaller sagittal moments at 2 years post ACLR were more 
likely to develop OA by 5 years post-surgery.   
Changes in sagittal plane angles and moments are believed to be the primary 
contributor to the “quadriceps avoidance” gait pattern as described by Berchuck et al.198  This 
was described as walking with significant reductions in external knee flexion moments 
during a simple task, such as walking, by up to 140%.  The quadriceps are the primary 
muscle group that resists knee flexion and it was hypothesized that individuals with ACLR 
walk with a more extended knee in order to limit demands placed on the quadriceps.  
Combined with the notion that alterations in sagittal plane moment and angle influence 
27 
 
tibiofemoral contact area and force, it is likely that deficits in quadriceps activation and 
strength lead to the inability to support eccentric control of the limb during loading phases of 
gait.  This leads to a reduction in knee flexion angle and potentially greater co-activation of 
the quadriceps and hamstrings, thus increasing tibiofemoral contact forces over a smaller 
contact area and altering changes in loading of articular cartilage that may lead to cartilage 
degradation. 
Gait biomechanics are consistently reported as a primary contributor to PTOA 
development following ACLR, however, discrepancies in the literature with regards of 
timing following surgery and directionality of certain variables make it difficult to draw 
succinct conclusions about the long-term effects of gait biomechanical deviations on joint 
health.  A systematic review and meta-analysis by Hart et al.192 indicate that individuals 
within 6-12 months following ACLR demonstrate smaller sagittal angles and moments 
during gait and this persists up to 3 years following injury.  However, after 3 years, there is 
conflicting evidence that may suggest sagittal anomalies resolve.  Conversely, Goetschius et 
al.191 report lower sagittal plane moments early and long term following ACLR compared to 
both control and contralateral limbs.  The discrepancies in gait biomechanics may be 
attributable to the ease of the walking task.  Even though long-term deficits in quadriceps 
function persist, small residual gait adaptations may not be detected with traditional methods 
for analyzing gait.  The majority of gait biomechanics are assessed under level walking 
conditions and may not truly represent normal walking conditions an individual undergoes on 
a daily basis.  Normal activities of daily living include walking on a multitude of surfaces 
that involve a graded change.   This can be represented by walking up/downstairs or hills.  
Walking tasks involving increasing or decreasing grades may elicit greater asymmetries, as 
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they require a greater contribution from the quadriceps as evident from greater EMG activity 
of the quadriceps compared to level walking.199  In those with a total knee replacement, joint 
loading is greater when walking downhill compared to healthy controls, but not during level 
walking.200  As grade increases, the demand for greater quadriceps activation continues to 
increase.201  During stair walking, both up and down, those with ACLR display lower sagittal 
moments in the ACLR compared to the contralateral limb and healthy controls, with the 
contralateral limb displaying greater sagittal moment than healthy controls.202  This suggests 
that following ACLR, during daily ambulation involving stairs, the quadriceps in the ACLR 
limb contribute much less than the contralateral limb, therefore causing the contralateral limb 
to work harder to complete the task as a compensatory mechanism.   More complex tasks, 
such as walking up or down stairs/hills, in those with greater quadriceps dysfunction may 
display greater abnormalities due to the increased level of difficulty.  Those with knee OA 
display lesser sagittal moments during level, upstairs, and down stairs walking.26  Liikavainio 
et al.203 demonstrate that impulsive loading in the lower extremity is more prevalent during 
stair descent compared to level walking in those with OA and is related to activation of the 
quadriceps musculature activation during this specific task.  Based on the aforementioned 
literature, we believe that those with greater quadriceps dysfunction following ACLR will 
present with greater interlimb differences when presented with the more challenging task of 
walking inclined and declined.  Those with poorer QMQ will also present with lesser sagittal 
moments and angles, but greater vGRF and loading rates in the ACLR limb. 
Morphological changes to the quadriceps following ACLR. 
 Following ACLR, atrophy of the is one of the most common measurable 
abnormalities clinicians see.  Atrophy is initiated from AMI as described previously.  Due to 
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immobilization, disuse, and increased inhibition, the quadriceps muscle fibers begin to 
shrink, dramatically influencing strength and function.204  Quadriceps atrophy has been 
demonstrated in those who are ACL deficient (ACLD) and following ACLR, suggesting that 
regardless of surgical or conservative intervention, the quadriceps undergoes a morphological 
alteration.205,206  Atrophy has a tremendous deleterious effect on quadriceps function.204  
Thomas et al.204 demonstrated that cross sectional area (CSA) of the quadriceps musculature 
is strongly related to extensor strength at 6 months following ACLR.  They also reported 
substantial differences in the injured limb compared to the uninjured limb for CSA.  This 
suggest that early post-ACLR atrophy is a primary contributor to quadriceps dysfunction.  
While atrophy is a major concern, it is not the only contributor to weakness.  Lorentzon et 
al.207 reported that prior to ACLR, those with ACL injury did not display any interlimb 
differences in quadriceps size, yet presented with a 13-29% deficit in extensor strength 
compared to the non-injured limb, suggesting inhibition may precede atrophy.  Konishi et 
al.208 demonstrated that those who are less than 12 months removed from ACLR have 
smaller total volume of the quadriceps musculature.  However, Konishi et al.209 in a follow 
up paper reported no difference in muscle volume between limbs or compared to a control 
group at a mean of 29 months post ACLR (range: 18-142 months).  This suggests that long 
term quadriceps dysfunction is not due to a difference in size of the musculature.  Norte et 
al.210 demonstrated that those with ACL injury display lesser quadriceps volume immediately 
prior to and post-surgery, and gains in strength and activation occurred while volumetric 
deficits persisted.  Even though peak quadriceps torque increased 12.7% and CAR increased 
12.5%, there remained at least at 20% asymmetrical difference rectus femoris, vastus 
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lateralis, and vastus medialis volume post-surgery.  This study must be interpreted with 
caution as only 4 individuals were included in the analysis.   
 While atrophy is common and contributes to quadriceps dysfunction, long term 
inhibition and weakness persist in the absence of size differences.  A potential cause of this 
may be due to physiological adaptations within the muscle that are not easily detected in the 
clinical setting.  Stockmar et al.211 report that initial atrophy and inhibition of the quadriceps 
musculature cause a metabolic profile shift from greater reliance on glycolytic activity to 
more oxidative utilization for energy.  This suggests that the quadriceps partially lose the 
ability to produce fast twitch force and become more dependent on fat as an energy source. 
The authors theorized that the quadriceps act as an active compensatory mechanism to 
promote knee stability that eventually leads to an increase in type I muscle fibers and shifts 
away from fast twitch type II fibers, by sustaining low activity, for longer durations of time.  
Noehren et al.57 reported similar findings, showing that even prior to surgery there is a 
reduction in size of the type-II muscle fibers, and over time there is a shift away from these 
fibers to a type-II/X fiber that is commonly seen in detrained individuals, specifically those 
on bed rest.   The reduction in type II CSA was accompanied by a decrease in the number of 
satellite cells per fiber and an increase the extracellular matrix due to a void left by the 
reduction in fiber diameter.57  Lopresti et al.212 were the first to propose this shift and 
reduction in type II fibers in 1988.  They report a dramatic reduction in type II fiber size in 
the ACLR limb compare to the uninjured limb.  Even with the reduction in muscle size, 
circumference of the limbs remained equal, suggesting that there may be selective fatty 
deposition in the injured limb to help fuel the higher concentration of and reliance on type I 
fibers for oxidative purposes.212  Interpretations of this article must be made with caution due 
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to the changes in medicine, surgical approach, and rehabilitation changes over the last 30 
years.  Lindstrom et al.213 show that over the course of 1-year, the quadriceps undergoes a 
morphological change both in size and quality.  Using CT scans at 1 week pre-op and 1 year 
post op, the quadriceps CSA was smaller at 1 year compared to pre-op measures and 
compared to the uninjured limb.  Interestingly, the quadriceps muscle at 1 year demonstrated 
lower attenuation compared to pre-op and to the uninjured limb.213  Attenuation from CT was 
measured using Hounsfield measurements, with lower numbers indicating greater water or 
fat content.   
 Intramuscular fat can have a negative effect on the function of a muscle leading to a 
multitude of deleterious outcomes.59  Kumar at al.214 report that individuals with knee OA 
who had greater intramuscular fat were likely to be more symptomatic and present with a 
greater severity of joint degradation measured via MRI.  Quadriceps strength was also lower 
in OA individuals with great intramuscular fat, even with no difference in CSA of the 
quadriceps musculature.214  Greater increases in intramuscular fat over time are also related 
to greater cartilage degradation over a 3 year period;215 with each % increase in fatty 
infiltration of the quadriceps, there was an 83% increase in the risk of cartilage degradation 
as measured via MRI.  This indicates that greater fat content within the quadriceps affects its 
ability to function properly, potentially altering how the muscle disperses forces, and leading 
to altered forces across the joint and greater cartilage breakdown.  Lower attenuation of the 
quadriceps musculature, previously mentioned, potentially mimics the effect seen in those 
with OA and may be a precursor to cartilage degradation and PTOA.213  
 Increased intramuscular fat (IMAT) occurs due to a combination of different 
mechanisms.59  In uninjured healthy individuals, lifestyle choices are the primary contributor 
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to IMAT.  As BMI increases, generally, the fat content within a muscle will also increase.59  
Inactivity, deficits in muscle activation, immobilization, and injury are also primary 
contributors to fatty infiltration within a muscle.59  In turn, greater IMAT  leads to further 
deficits in strength, activation, and mobility limitations, providing a catalyst for more IMAT 
in a deleterious cycle of cause and effect.59  Rahemi et al.60 report the deleterious effects of 
greater IMAT by showing that greater fat within a muscle fiber dramatically reduced the 
ability to generate force.  Greater IMAT increases stiffness within muscle fiber, reducing the 
ability to shorten, and therefore reducing the overall force production capacity of the 
muscle.60  Greater IMAT also contributes to reduced capacity to voluntarily activate the 
quadriceps muscle.64  MRI derived measures of IMAT are strongly negatively associated 
with CAR of the quadriceps, indicating that greater amounts of IMAT are related to reduced 
voluntary activation capacity.64  Baum et al.216 reported a strong negative relationship 
between isometric knee extension strength and MRI-derived IMAT with weaker relationships 
related to quadriceps size. Following ACLR, the literature suggests there is a significant 
decrease in physical activity immediately following injury, as well as persistent inhibition of 
the quadriceps, thus providing a mechanism for fat to infiltrate the quadriceps.  Even in the 
absence of size differences, an alteration in the fat content with the quadriceps following 
ACLR may drastically impact quadriceps function, thus contributing to the risk of PTOA 
development.   
Ultrasound to Measure Quadriceps Muscle Quality 
Imaging techniques, such as MRI, CT, and ultrasound, are frequently used to quantify 
muscular characteristics such as size and composition.  Muscle composition is typically 
reported through algorithms evaluating the intensity of the images (echo-intensity; EI).   
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Ultrasound is an increasingly used tool to analyze muscle size and compositional 
characteristics due to its ease of use, time saving capabilities, cheaper costs, and clinical 
feasibility compared to MRI and CT scans.  Palmer et el.65 establish panoramic US as a valid 
and reliable tool for investigating muscle composition via the evaluation of EI.  Young et 
al.66 demonstrate strong associations between EI obtained via US and intramuscular fat 
derived from MRI, indicating that EI is a practical and reproducible method for evaluating 
intramuscular fat.  Pillen et al.58 in a study looking a fibrous tissue in golden retrievers, 
validated EI measured via US to muscle biopsies.  In the elderly68,69,217 and in those with 
OA70 poorer muscle quality is related to deleterious effects on strength and function that 
affect activities of daily living.  Yoshida et al.64 even found that the presence of greater 
intramuscular fat in the elderly was linked to deficits in central activation ratio.  In stroke 
survivors, those with higher echo intensities within the lower extremity muscles also display 
mobility limitations during simple tasks such as walking.218  Our preliminary data show the 
ACLR limb in individuals an average of 48 months post-ACLR has higher EI compared to 
the contralateral limb.  Greater EI in this ACLR cohort was also strongly related to poor 
isometric strength and deficits during a single limb hopping task.  This suggests that 
morphological differences identified via US EI influence physical function following ACLR.  
However, it is unknown when these adaptations begin to occur or how early we can detect 
these changes following ACLR.  Strength, hopping, and gait analysis are not feasible early 
following ACLR, but utilization of US to capture EI is, and may give us a representation of 
quadriceps function over before these tasks can be performed. 
34 
 
US and Obtaining an Image 
US is an imagining technique that uses sound frequencies, undetectable to the human ear, 
to penetrate tissues and pixelate images based on reflected sound.  Piezoelectric crystals 
within a transducer vibrate rapidly to create sound waves that move through tissues at known 
speeds.  The sound waves reflect off anatomical structures, and the returning sound creates 
an image.  The depth of the image is determined by the time it takes for the sound wave to 
return to the transducer.  Many factors play a role in how a sound beam is reflected to a 
transducer.   When a transducer pulsates a sound beam into a human tissue, 4 things happen 
with the signal:  
1. Absorption:  Some of the signal is absorbed into the tissues and not returned to the 
transducer.  Absorption of a sound beam is directly related to the frequency.  Higher 
frequencies = more absorption of the signal.  Higher frequencies may be beneficial 
for better image quality of superficial tissues but not for deeper tissues as more signal 
is absorbed before reaching the deeper underlying structures. This can also be 
described as attenuation of the US signal. 
2. Refraction:  occurs when the angle of incidence of the transducer to the tissue of 
interest is not perfectly 90 degrees.  The sound beam reflects off a tissue but does not 
return back at a 90 degree angle to the transducer.  Some of the signal is lost and in 
extreme circumstances, the location of the image is distorted relative to the probe 
position.  This also occurs when imaging curved structures.  In human anatomy, 
rarely are structures perfectly flat.  The sound beam hitting a curved structure causes 
refraction of the signal away from the transducer.  This can be an issue when 
examining the femoral condyles.  The inferior central border appears bright because 
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the sound hits the surface and reflects back the signal at a 90 degree angle so the 
images is clearer, but as you approach the medial and lateral condyles, the sound 
beams hit bone at an acute angle causing less clarity in the image. 
3. Scattering:  Scattering occurs when the sound beam is disbursed in multiple directions 
but not returning to the transducer.   
4. Reflection:  Reflection is how we obtain an image.  Sound beams that reflect off 
tissue and back to the transducer are processed to derive an image.  Reflections occur 
whenever the sound beam passes from one type of tissue into another.  In skeletal 
muscle for instance, the sound beam travels through gel, into the skin, through 
subcutaneous fat, fascia, muscle, fat and fibrous tissue in the muscle, and eventually 
hitting bone.  Each type of tissue has a specific acoustic impedance that affects the 
speed at which the sound beam travels.  When two tissues of difference acoustic 
impedances are next to each other, a reflection will occur.  The greater the difference 
in impedance, the greater the reflectivity.  The amount of reflectivity is derived from 
the equation: % reflected = ((Z2-Z1)/(Z2+Z1))^2 *100, where Z1 and Z2 are acoustic 
impedances of different tissues.  The greater the change in acoustic impedance 
between tissues, the greater the reflectivity.   
When obtaining an image of muscle, selection of proper parameters is necessary, 
especially frequency and depth.  For skeletal muscle, a frequency of 8-12 Hz is generally 
used for the quadriceps and hamstrings.65,67,219  Depth is also important to ensure the desired 
structures are in the field of view and that their image characteristics are optimized.  For the 
quadriceps, a depth of 6 cm typically allows for complete capture of the entire muscle, 
regardless of the patient.  Ryan et al.220 demonstrated that while a depth of 4.5 was generally 
36 
 
sufficient for capturing the entirety of the quadriceps, this depth was insufficient for some 
patients.  Gain is also important but is machine dependent. Therefore, it is important to keep 
the gain consistent throughout a study as it will greatly affect EI.   
Patient and Probe Position 
For the vastus lateralis and rectus femoris, the literature suggests obtaining US 
images at 50% of the femoral thigh segment length as measured from the most lateral aspect 
of the greater trochanter to the lateral joint space of the knee.65,67  Palmer et al.65 suggest that 
panoramic US is a useful and reliable tool for measuring thigh CSA and EI.  The knee should 
be placed in 50 degrees of flexion and supported with a bolster.219  Probe placement should 
be flush with the skin at an angle of 90 degrees for optimal angle of incidence.  A pad can be 
used to maintain alignment as a cross sectional cut across the thigh is obtained, generally 
moving slowly from laterally to medially.  Ample gel is needed as a medium, as any air 
between the surface of the skin and the transducer can distort the image.  Keeping the probe 
positioned consistently through the cross sectional, panoramic assessment is essential to 
prevent overlap of the pixels.  For panoramic images, one image can be used to obtain a cross 
section of both the vastus lateralis and rectus femoris concomitantly, or separate images for 
each muscle.  Obtaining separate images is recommended to reduce motion artifact and error.   
Image analysis 
Image J is a common free software platform used for analysis of US images.  The 
first thing that must be done when analyzing a muscle image is scaling.  If using a set depth 
of 6 cm, the image can be scaled using the straight-line function.  This procedure converts 
pixels to real-world units for future measurements.  After scaling the image, one can measure 
the CSA, in cm^2, by using the polygon function.  Using this function, one can trace the 
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outside of the muscle, excluding the fascial borders.  Using built in algorithms based on the 
set scale, the CSA of the muscle of interest is obtained.  EI is also calculated from the region 
of interest.  EI is the average brightness within the muscle.  This arbitrary measure is based 
on a gray scale scored from 0-255.  The higher the number, the higher the EI.  EI is inversely 
related to muscle quality.  Greater amounts of fat within the muscle result in greater 
reflection of the sound wave, thus resulting in a brighter image and a higher EI.  An image 
that of exclusively muscle tissue would be almost completely black (low EI; high muscle 
quality).  Therefore, higher EI equates to poorer muscle quality.  Subcutaneous fat thickness 
must also be accounted for as described by Young et al.66 and further validated by Ryan.67  
When soundwaves pass through greater amounts of subcutaneous fat, more of the signal is 
lost and cause the underlying muscle to appear darker.  Darker muscle represents higher 
quality, therefore, not accounting for subcutaneous fat may lead to an interpretation that a 
muscle may be of better quality than it actually is. For each muscle, three measures of 
subcutaneous fat thickness via the straight-line function should be obtained an averaged.  
One measure from near the middle of the image, one from the lateral aspect of the muscle, 
and a third from the medial aspect of the muscle are average and input to an equation from 
Young et al.66 along with the raw EI, to derive a corrected EI value.  Thicker SF can distort 
the image underneath the layer of fat, and therefore must be accounted for.   
Summary 
 Following ACLR, the literature suggests that quadriceps dysfunction is common and 
persists for many years.  The most commonly attributed mechanism to quadriceps 
dysfunction is AMI caused by alterations within the nervous system that decrease neural 
drive to the quadriceps, therefore reducing the ability to voluntarily activate the muscle.  
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Traditional therapies for addressing quadriceps dysfunction following ACLR are often 
inadequate.  Poor quadriceps function manifests in altered walking gait biomechanics, 
specifically changes in the sagittal plane moment and angles.  These changes in the sagittal 
plane potentially alter the magnitude and rate of loading of cartilage within the knee joint.  
Changes in sagittal plane moment and angle also alter the loading contact area and contact 
force of tibiofemoral joint.  Overall, changes in biomechanics due to quadriceps dysfunction 
are considered primary contributors to the increased risk of PTOA development following 
ACLR.  Therapies fail at decreasing the risk of PTOA as they may not target all mechanisms 
for quadriceps dysfunction.  Based on our preliminary data and previous studies evaluating 
compositional changes in the quadriceps following ACLR, there is potential for increased 
fatty infiltration in the quadriceps that may not be targeted with current rehabilitation 
approaches.  Greater intramuscular fat has deleterious affects on quadriceps activation and 
strength, and may facilitate aberrant gait biomechanics in individuals with ACLR.  
Diagnostic US provides clinicians with a tool that is valid and reliable for assessing muscular 
size and composition.  By serially assessing the quadriceps muscle via US following ACLR, 
we can demonstrate a cheap, clinically feasible method for tracking changes in muscle that 
may serve as a surrogate for quadriceps function and a predictor of aberrant movement 
patterns further removed from surgery.  Assessing the quadriceps muscle with US in 
individuals further removed from surgery may allow clinicians to identify targetable 
mechanisms of quadriceps dysfunction that may not be accounted for with traditional 
therapy.  Evaluating and identifying additional contributors to quadriceps dysfunction will 
help further understanding of morphological adaptations following ACLR and how we can 









Thirty individuals who are between the ages of 12 and 35 years with a unilateral ACL 
injury and plan for surgical reconstruction will be recruited to participate in this study.  
Individuals with a history of other lower extremity surgery, previous ACLR to either limb, a 
lower extremity injury other than primary ACL injury within the 6 months prior to 
participation, concussion within the 6 months prior to participation, or neurological disorder 
will be excluded.  Subjects will be recruited from local orthopedic surgeons and 
rehabilitation clinics that treat high volumes of ACLR patients each year.  The surgeons 
contributing this study performed a total of 351 ACL reconstructions during the year of 2018 
with approximately 241 falling within our age range for participation.   Thirty healthy, 
uninjured controls will also be recruited for aim 1 for a comparison of changes in QMQ over 
the same time periods  
Experimental Design 
Aims 1-3 
 Aims 1-3 will utilize a longitudinal cohort research design.  Subjects will complete 4 
separate testing visits over a 6-month period. The first session will take place at a physical 
therapy clinic or physician’s office prior to ACLR after physician has confirmed ACL injury 
and scheduled surgical reconstruction.  The second session will take place in the physician 
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office or on campus in the MOTION Science institute at 1-month post ACLR.  The third 
fourth sessions will take place in the MOTION Science Institute at the University of North 
Carolina at Chapel Hill at 3 and 6 months post-ACLR.  Visit 1 and 2 will consist of 
completion of informed consent, an US assessment of the quadriceps, and completion of 
patient reported outcome surveys (PROs).  Subjects will complete the same US assessment 
and PROs at the 3rd and 4th  visits.  Sessions 3 and 4 will also involve an analysis of walking 
gait biomechanics during which subjects will walk for 2-minute intervals on an instrumented 
treadmill (Figure 3). Quadriceps function and hopping tasks will also be assessed during the 
4th session.  The healthy control cohort will only complete the ultrasound assessment and all 
data collection will be in the MOTION Science Institute at the University of North Carolina 
at Chapel Hill 
Assessments 
Ultrasonography of the Quadriceps 
 The US imaging assessments of the quadriceps will consist of anatomical cross-
sectional scans of the vastus lateralis (VL) and rectus femoris (RF) at 50% of the length of 
the femur (greater trochanter to the lateral aspect of the femoral condyle).219 Imaging will be 
conducted on both the ACLR and contralateral limbs.  US images will be obtained with a 
portable, brightness mode (B-mode) US imaging device (LOGIQ e 5, General Electric 
Company, Milwaukee, WI, USA) and a multi-frequency linear array probe.  All US 
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measurements will be obtained with the subjects lying supine with the legs fully relaxed and 
bolstered to 50° as depicted in Figure 1.  Transmission gel will be liberally applied to the 
skin to enhance acoustic coupling and minimize image artifact.  Panoramic US images of the 
VL and RF will be 
obtained to determine 
echo intensity (EI) with 
the following settings: 
gain (56 dB), depth (6 
cm), and frequency (10 
MHz).  A high-density 
foam pad will be 
positioned perpendicular 
to the longitudinal axis of 
the thigh segment to help 
stabilize the probe during the panoramic scan.  This will allow the investigator to move the 
US probe perpendicular to the skin (from lateral to medial) during the imaging assessments 
(Figure 1). For each assessment, the probe will be moved with consistent speed and minimal 
pressure to minimize motion artifact and avoid compression of the underlying structures.  
From each image, we will also obtain anatomical cross-sectional area (CSA) and 
subcutaneous fat thickness (SFT).  SFT will be used to correct EI during image analysis.66,67  
While CSA is not part of our primary aims, it will be collected for a secondary analysis 
investigating concurrent changes in muscle size relative to changes in muscle quality.   
Figure 3.  US Assessment of the Quadriceps 
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Ultrasonographic Image Processing 
A single investigator who will not be involved with obtaining the ultrasound images 
and blinded to the limb condition (surgical or non-surgical) and time (Baseline, 3 months, 
and 6 months) will use ImageJ software (National Institutes of Health, Bethesda, MD, USA) 
for all US imaging analyses. Using the 
straight-line function, each image will be 
scaled individually from pixels to centimeters. 
To determine EI, the polygon function will be 
used to select the region of interest (ROI), 
including as much of the muscle as possible 
and avoiding the surrounding fascia as depicted in Figure 2.  EI will be assessed to determine 
QMQ using computer-aided gray-scale ranging between 0 (black) and 255 (white) arbitrary 
units (AU) assigned to each pixel from which the mean across the ROI is calculated.  CSA 
will be calculated as the area (cm2) of the same region of interest.  Values of EI will then be 
corrected for subcutaneous fat using the following equation: Corrected EI = Uncorrected EI + 
(SFT × 40.5278) to account for the influence of fat on the brightness of the image of the 
underlying muscle.66  US signals are attenuated as they travel through more tissues due to a 
variety of factors including reflection.221  Greater subcutaneous fat results in more reflective 
superficially such that the signal is weaker when it reaches the underlying muscle, resulting 
in a darker image at greater depths.67  SFT will be determined by measuring the distance 
from deepest skin border to the superficial fascia surface in three different locations (lateral, 
middle, medial) anterior to the muscle of interest and the mean of the three distances will be 
used for correction.   
Figure 4.  Selection of Region of Interest for EI and CSA 
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Walking Gait Biomechanical Assessment 
A modified retroreflective marker bony landmark setup will be used for data 
collection. Markers will be affixed with double sided tape bilaterally on the anterior thigh, 
anterior tibia, base of the 1st and 5th metatarsals, calcaneus, the anterior superior iliac spine, 
greater trochanter, medial/lateral femoral epicondyle, medial/lateral malleoli, and acromion 
processes.   A cluster of markers will then be placed over the sacrum with the addition of a 
marker over L4/L5 vertebra and the manubrium of the sternum.  A static trial will be 
recorded at the beginning of each session for marker identification and used to create knee 
and ankle joint centers (Figure 3C).  Medial epicondyle and medal malleoli markers will then 
be removed during dynamic trials.    Marker trajectories will be collected using an 8 camera 
3D motion capture system with a sampling frequency of 200Hz with Qualisys Track 
Manager Software (Qualisys Motion Capture Systems,  Göteborg Sweden) and lowpass 
filtered at 10Hz.222  The cameras will be interfaced with a split belt instrumented treadmill 
collecting ground reaction force data at 2000 Hz and lowpass filtered at 10 Hz.33,223,224   Five 
over ground walking trials will be performed at a self-selected, comfortable speed between 
infrared timing gates to determine the preferred walking speed.  For aim 2, we will 
recalculate preferred walking speed at the beginning of sessions 3 and 4, as it may change 
over the course of 3 months and covary for gait speed.  After the static trial, subjects will 
complete a 2-minute intervals of walking.  We will sample the second minute of walking, 
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using the first minute to familiarize the subject with walking on the split belt treadmill. 
(Figure 5).   
Biomechanics Processing 
All walking trials will be initially assessed in QTM software to identify and label marker 
trajectories.  Once labeled, the marker trajectory data will be synced with the ground reaction 
force data and exported from QTM to Visual 3D software as a C3D file for further analysis.  
Visual 3D uses the labeled trajectories to construct a 3D model for each participant. The 
lower extremity and trunk segments for each participant will be modeled as rigid bodies 
using the individual markers with at least 3 non-collinear markers representing each segment 
as listed below: 
• Foot: calcaneus, base of the 1st metatarsal, base of the 5th metatarsal 




• Shank: tibia, right lateral malleolus, right medial malleolus, right lateral epicondyle, 
right medial epicondyle 
• Thigh: thigh, right lateral epicondyle, right medial epicondyle, right greater trochanter 
• Pelvis: Sacral cluster, right anterior superior iliac spine, left anterior superior iliac 
spine 
• Trunk: right acromion process, left acromion process, sternal notch, L4-L5 
Joint centers will be calculated from the rigid body segments of the static trials. Ankle 
joint centers will be created from the midpoint between the lateral and medial malleolus 
markers. Knee joint centers will be defined as the midpoint between the lateral and medial 
epicondyle markers. We will use the Bell method to determine the hip joint centers.225  After 
joint centers are created,  the local coordinate system for each segment will be aligned to the 
global axis system.   The medial/lateral axis of each local system will be aligned to the world 
Y-axis, anterior/posterior to the world X-axis, and the inferior/superior to the world Z-axis 
similar to the ISB recommendations for joint coordinate systems.226 
Analysis will be restricted to the first 50% of the stance phase via custom software 
(LabVIEW, National Instruments Corp, Austin, TX).  The stance phase will be defined as the 
interval from heel strike (vertical ground reaction force [vGRF] ≥ 20N) to toe off (vGRF ≤ 
20 N).  Kinetic outcomes will include the peak vGRF, time derivative) and peak internal 
extension moment EXT.  Moments will be calculated by combining kinetics, kinematics, and 
anthropometric data through a standard inverse dynamic procedure to yield net internal joint 
moments. Forces will be normalized to body weight (xBW) while moments will be 
normalized to the product of body weight and height (xBW*Ht).  Kinematic outcomes will 
include the peak knee flexion angle and knee flexion angle excursion from heel strike to 
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peak.  Joint angles will be calculated as the motion of the shank segment relative to the thigh 
segment via Euler angles in a sagittal/frontal/transverse rotation sequence.  
Quadriceps Function 
Quadriceps function will be assessed bilaterally under isometric conditions.  Subjects 
will be positioned on a dynamometer (HUMAC NORM; CSMi, Stoughton, MA) with straps 
over the torso, shank, and thigh to maximal 
contributions from the quadriceps.  The knee will 
be positioned at 90° and the hip at 85° of flexion 
(Figure 6.).  Subjects will be instructed to kick out 
as hard and fast as possible.  At least 3 trials will 
be performed after a series of warm-up trials at 
self-perceived 25, 50, and 75% maximal effort.  
Torque data will be sampled at 2000Hz and 
displayed in real time for biofeedback on a 
computer monitor using custom software 
(LabVIEW; National Instruments Corp., Austin TX) to ensure the participant is kicking out 
maximally.  Torque data will be lowpass filtered at 50 Hz and reduced to identify voluntary 
peak torque (PT) and rate of torque development (RTD).  RTD will be calculated as the slope 
of the torque vs. time curve from 20% to 80% PT and slopes from 0 to 100 ms, and 100 to 
200 ms after the onset of contraction.227  Both PT and RTD will be normalized to body mass.  
Hopping Assessment 
Participants will perform four different unilateral hopping tasks that are commonly 
used to evaluate motor function in the clinical setting as part of ACLR rehabilitation.  
Figure 6.  Quadriceps Function Setup 
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Participants will complete a single hop for maximal distance and a triple hop (three 
consecutive single hops) for maximal distance. Participants will also complete a crossover 
hop task that involves hoping for maximal distance while crossing over a 15 cm space and 
immediately hoping back across the space. The fourth hop task is a 6 m timed hop where 
participants hop unilaterally as fast as they can consecutively to reach 6 m.  Each participant 
will be instructed on how to perform the tests and allowed up to 4 practice trials to learn the 
specific tasks, followed by two trials that will be recorded and averaged.  If a participant does 
not perform the task correctly, he/she will repeat the trial 
Patient reported outcomes 
Participants will complete the IKDC for an analysis on self-perceived knee function.  
Scores are generated from the questionnaire to give a score from 0 to 100 with greater IKDC 
score representing better self-reported function.228,229  Five subscales of the KOOS are used 
to assess pain, symptoms, activities of daily living, activities of sport and recreation, and 
knee-related quality of life.  All questionnaires will be scored electronically to limit personal 
error.  All subscales will be normalized to 100%, with 100% representing the best score for 
each component.  
Data Analysis  
 For aims 1-3, an a priori power analysis based off of a change in contractility over 6 
months measured from muscle biopsies in 18 individuals suggests that 24 subjects are needed 
to observe an effect size of 0.53 at a power of 80% for α = 0.05.230  In this study, biopsies 
were obtained from the vastus lateralis at baseline, 1, 2, and 6 months following ACLR to 
assess the force producing capabilities of the tissues and found that this decreases following 
surgery.  Greater fat within the muscle has been linked to deficits in force producing 
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capabilities, and EI is a good representation of fat within the muscle, thus, we believe these 
data provide reasonable power estimates.  We will recruit 30 subjects per group to account 
for 20% attrition at the 6-month assessment and conservatively account for the different 
outcomes between our study and the data on which our power analyses were based.  All data 
will be assessed for normality using Shapiro-Wilk test, visual inspection of the histograms, 
and evaluation of the skewness and kurtosis statistics to their standard errors.  In the event of 
non-normally distributed data, we will use non-parametric equivalents for statistical analysis.   
Specific Aim 1: Identify the time course of changes in QMQ measured via ultrasound 
over the first 6 months following ACLR.   
 In order to account for baseline differences between participants within each group, 
change scores will be calculated as a percent change in EI and CSA at each timepoint with all 
baseline values at 100%.  Comparisons of EI change between limbs within in the ACLR 
group will be compared via repeated measures 3 (time) by 2 (limb). A comparison of the 
ACLR limb to a control limb and the contralateral limb to a control limb will also be 
assessed via separate 3 (time) by 2 (group) ANCOVA.  Tukey’s HSD will be used for 
pairwise comparisons to evaluate significant ANOVA models.   
Specific Aim 2: Determine the associations between QMQ and walking gait 
biomechanics at three and six months following ACLR. 
 For each biomechanical outcome and each time point, we will evaluate separate 
partial Pearson product moment correlations using VL, and RF EI as predictor variables 
controlling for gait speed.  We will also evaluate the relationship between EI and limb 
symmetries for each biomechanical variable to determine if poorer QMQ is related to greater 
interlimb discrepancies in biomechanics.  Change scores for EI were also calculated as a 
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percent change from baseline at each time point and used to analyze the relationship of 
change in EI over time to gait biomechanics at 3 and 6 months using partial Pearson 
correlations controlling for gait speed.    For a secondary analysis, we will determine if QMQ 
at baseline and 3 months predicts gait biomechanics at 6 months utilizing partial Pearson 
correlations controlling for gait speed.   
Specific Aim 3: Determine the associations between QMQ at 1, 3, and 6 months post-
ACLR and clinical outcomes (quadriceps function, single leg hop distance, and patients 
self-report outcomes) at 6 months post-ACLR.   
 We will utilize separate Pearson product moment correlations to investigate the 
relationship between QMQ and each measure of quadriceps function (PT and RTD), hop 
scores, and PRO outcomes at 6 months.  We will also investigate the influence of QMQ 
change over 3 and 6 months on all clinical outcomes.  We will calculate change scores for EI 
utilizing the following equation: 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶ℎ𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃 = (3 𝑜𝑜𝑜𝑜 6 𝑀𝑀𝑜𝑜𝑀𝑀𝑀𝑀ℎ 𝐸𝐸𝐸𝐸−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑀𝑀𝐵𝐵 𝐸𝐸𝐸𝐸)
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑀𝑀𝐵𝐵 𝐸𝐸𝐸𝐸
∗ 100 and 
evaluate the relationship between these change scores and clinical outcomes utilizing Pearson 
Product moment correlations.  Limb symmetries for EI and each variable of quadriceps 
function and their relationship will also be evaluated using Pearson product moment 
correlations.  For secondary analysis, we will investigate RF and VL EI at baseline and 3 
months as predictors of quadriceps PT and RTD at 6 months using linear regression with EI 









CHAPTER IV:  SUMMARY RESULTS 
 
Based on the research restrictions due to COVID-19, we were not able to complete 
the full 6-month assessment protocol.  We obtained all the proposed study outcomes at 
baseline (14 ± 8 days prior to ACLR) 1 (33 ± 5 days) and 3 months (92 ± 10 days) post-
surgery in 20 individuals with ACLR and 12 healthy controls.   As such, we were not able to 
obtain ultrasound measures, self-report outcomes, quadriceps function, hopping, or gait 
biomechanics at 6 months post-ACLR.  
Specific Aim 1: Identify the time course of changes in QMQ measured via ultrasound 
over the first 6 months following ACLR.   
 The time by group interactions for RF and VL EI were significant and post hoc 
analyses revealed both RF and VL EI in the ACLR limb were higher at 1 and 3 months 
compared to baseline.  However, RF and VL EI in the ACLR limb were not different at 3 
months compared to 1 month.  RF and VL EI did not differ between groups at baseline, 1 
month, or 3 months. Within the ACLR group, time by limb interactions were significant for 
both RF and VL EI.  Both VL and RF EI were higher in the ACLR limb compared to the 
contralateral limb at 1 month and 3 months but did not differ between limbs at baseline.  
Time by group interactions were also significant for RF and VL EI LSI’s.  RF EI LSI in the 
ACLR group was greater at 1 and 3 months compared to baseline.  VL EI LSI was greater 
than the control group at 1 and 3 months indicating more asymmetry in the ACLR group. VL 
EI LSI within the ACLR group was also different at 1 and 3 months compared to baseline.  
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The complete analyses and the addition of CSA analyses are detailed in Chapter 5: 
Manuscript 1.   
Specific Aim 2: Determine the associations between QMQ and walking gait 
biomechanics at 3 and 6 months following ACLR. 
  At 3 months post-ACLR, peak vertical reaction force (vGRF) and internal knee 
extension moment (KEM) were significantly larger in the uninvolved limb compared to the 
ACLR limb, confirming the existence of aberrant gait biomechanics.  Greater VL EI was 
associated with smaller peak knee flexion angles.  A greater decrease in RF EI (i.e. improved 
muscle quality) trended towards a significant association with lower peak vGRF.  Greater RF 
EI LSI (greater asymmetry) was associated with larger interlimb differences in KEM.  
Greater VL EI LSI was associated with greater interlimb differences in peak knee flexion 
angle and knee flexion excursion.  Complete analyses and the addition of comparisons to 
CSA can be found in Chapter 6: Manuscript 2.     
Specific Aim 3: Determine the associations between QMQ at 1, 3, and 6 months post-
ACLR and clinical outcomes (quadriceps function, single leg hop distance, and patients 
self-report outcomes) at 6 months post-ACLR.   
 Higher VL EI (poorer QMQ) at baseline trended towards a significant association 
with poorer KOOS symptoms, ADL, and QOL.  Higher VL EI at 1 month trended towards a 
significant relationship with lower KOOS symptom, ADL, QOL, and IKDC scores.  Higher 
RF EI at 1 month trended towards a significant negative relationship with KOOS QOL 
scores.  Higher VL EI at 3 months was significantly associated with poorer KOOS symptom 
scores.  At 3 months, higher VL EI trended towards a significant association with KOOS 
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ADL, QOL, and IKDC.  A complete analysis with the addition of CSA are detailed in 
Chapter 7: Manuscript 3.   
Summary: 
 Our results indicate that quadriceps muscle quality declines within the first month 
following ACLR and does not improve by 3 months.  These differences were seen within the 
ACLR limb compared to the contralateral limb and compared to baseline measurements, and 
EI limb symmetry analyses indicated that the ACLR cohort was less symmetrical than the 
uninjured controls.  This indicates that ultrasound is a useful tool that can identify changes in 
muscle size compositional changes throughout the course of rehabilitation.  Poorer QMQ 
over the first 3 months was also associated with poorer gait biomechanics.  Smaller peak 
knee flexion angles and moments are related to poorer quadriceps function and declines in 
knee joint health and progression of PTOA.  Poorer QMQ was also associated with poorer 
self-reported function.  These findings are important as they suggest that poorer QMQ 
influences objective gait outcomes and subjective self-report outcomes, both of which have 
been linked to quadriceps dysfunction.  However, at early time points, maximal quadriceps 
function cannot be measured in order to preserve the integrity of the harvested graft.   Using 
EI as a surrogate measure of quadriceps function early may help clinicians identify 
individuals at heightened risk for aberrant gait biomechanics and poorer self-reported 
function when further removed from surgery.  Continued research should investigate how 
QMQ influences gait across the course of rehabilitation and if improving QMQ mitigates 






CHAPTER V: MANUSCRIPT 1 
Longitudinal Changes in Quadriceps Morphology Over the First Three Months 
Following Anterior Cruciate Ligament Reconstruction 
 
Introduction 
Despite restoration of mechanical stability,5,6 individuals with anterior cruciate 
ligament reconstruction (ACLR) incur a dramatically increased risk of long-term joint health 
complications in the form post-traumatic knee osteoarthritis (PTOA).7–10  As many as 30-
80% of ACLR patients develop PTOA within the first two decades,7,8,11,12 with evidence of 
joint degradation occurring within two years.13,14  Quadriceps dysfunction in the form of 
weakness and activation failure is a common, lingering complication following ACLR.36–40 
This dysfunction contributes to aberrant gait biomechanics that have been linked to PTOA 
risk. 18 21,42  Identifying targetable mechanisms that contribute to quadriceps dysfunction is 
likely a crucial step for improving rehabilitation approaches and enhancing long-term joint 
health following ACLR. 
Quadriceps weakness and atrophy following ACLR are due in part to altered neural 
factors that reduce voluntarily activation capacity.37,38,45–50  Concomitant changes in 
quadriceps morphology have also been observed following ACLR that likely impair force 
producing capacity.  Specifically, muscle fiber cross-sectional area (CSA) decreases, the 
concentration of type II muscle fibers declines, and the extracellular matrix between fibers 
increases in size.57  These adaptations have been reported an average of 6 months post-
ACLR, thus they persist throughout structured rehabilitation and the resumption of physical 
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activity.  Additionally, our preliminary data suggest that the surgical limb displays poorer 
quadriceps muscle quality (QMQ) compared to the contralateral limb an average of 49 
months post-ACLR.231  Poorer QMQ is attributable to an increase in non-contractile (fatty 
and fibrous tissue) elements within the muscle58 caused by decreases in activity, muscle 
activation deficits, mobility limitations, and injury.59  Higher concentrations of non-
contractile tissue within a muscle limit its ability to produce force which leads to greater 
infiltration of fatty tissue in a detrimental cycle.59,60 
Biopsy is the gold standard for evaluating muscle composition,57 but this process can 
be painful to the patient, requires substantial time and processing costs, and requires training 
to derive and interpret the findings that is inconsistent with clinical expertise.  Similarly, 
QMQ can be assessed via MRI,232 but this approach is expensive, requires substantial space 
and time, and requires additional certifications to operate.  As such, these methods are not 
feasible for longitudinal clinical assessments.  On the contrary, ultrasound is a cost-effective 
imaging modality that can be used to obtain a surrogate measure of muscle quality in a 
variety of settings by a wide range of clinical providers with no known risks to patients.65  
Ultrasound echo-intensity (EI) refers to the brightness of a region of interest in an ultrasound 
image and is highly correlated with intramuscular fat content derived from MRI.58,66,67    
While QMQ has been evaluated following ACLR,233,234 the early time course of these 
changes is unknown.  Understanding when QMQ begins to decline following ACLR may 
reveal additional mechanistic insight into quadriceps dysfunction and provide clinicians with 
a tool to track progression throughout the rehabilitation process.  Additionally, QMQ may be 
capable of identifying deficits in quadriceps function early following ACLR when maximal 
activation is not feasible due to the need to limit graft loading.  Therefore, the purpose of this 
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study was to longitudinally evaluate QMQ early following ACLR in the injured limb 
compared to the contralateral limb and a healthy control group.  We hypothesized that QMQ 
would decline over the first 3 months following ACLR compared to both the contralateral 
limb and control limbs.   
Methods 
Experimental Design 
 A longitudinal cohort design was used to compare changes in QMQ between 
individuals with ACLR and uninjured controls.  All participants completed 3 testing visits 
over a 3-month time period.  For the ACLR group, baseline testing was completed following 
a pre-surgical clinic visit (14 ± 8 days pre-surgery) with an orthopedic surgeon to confirm 
ACL injury and schedule ACLR, and subsequent sessions aligned with follow-up clinic visits 
at 1 and 3 months post-ACLR.  The control group’s initial session served as a baseline, and 
follow-up visits were conducted 1 and 3 months following the initial session.   
Subjects 
 Thirty individuals with ACLR and twenty-four uninjured healthy controls 
volunteered to participate in the study.  The COVID-19 pandemic interrupted longitudinal 
data collection, thus data from 20 ACLR (13 patellar tendon grafts, 5 quadriceps tendon 
grafts, 1 hamstring tendon graft, and 1 allograft) and 12 healthy controls are presented here.  
Participants in the ACLR group were recruited from a local orthopaedic clinic if they had 
suffered unilateral ACL injury and were scheduled for ACLR.  Individuals with a history of 
other lower extremity surgery, previous ACL injury to either limb, a lower extremity injury 
other than primary ACL injury or concussion within the 6 months prior to participation, or 
neurological disorder were excluded.  Healthy, uninjured controls were recruited if they had 
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no history of lower extremity surgery, lower extremity musculoskeletal injury or concussion 
within the previous 6 months, any neurological condition, or if they were pregnant or planned 
to become pregnant in the 6 months following the initial visit.   
Assessments 
 The ultrasound imaging assessments of the quadriceps consisted of bilateral 
anatomical cross-sectional scans of the vastus lateralis (VL) and rectus femoris (RF) at 50% 
of the length of the thigh (greater trochanter to the lateral aspect of the femoral condyle).219  
Images were collected with a bolster placed under the test knee, as many participants could 
not achieve full extension at baseline and 1 month post-ACLR.  Ultrasound images were 
obtained with a portable, brightness mode (B-mode) device (LOGIQ e 5, General Electric 
Company, Milwaukee, WI, USA) and a multi-frequency linear array probe.  Transmission 
gel was liberally applied to the skin to enhance acoustic coupling and minimize image 
artifact.  Panoramic images of the VL and RF were obtained to determine echo intensity (EI) 
with the following settings: gain (56 dB), depth (6 cm), and frequency (10 MHz).  A high-
density foam pad was positioned perpendicular to the longitudinal axis of the thigh to 
stabilize the probe during the panoramic scan as the investigator moved the probe lateral to 
medial in the transverse plane with consistent speed and minimal pressure to minimize 
motion artifact and avoid compression of the underlying structures.  In addition to EI, we 
obtained anatomical cross-sectional area (CSA) of each muscle and subcutaneous fat 
thickness (SFT) overlying each muscle.  SFT was used to correct EI during image 
analysis.66,67  While CSA was not a primary outcome, it was obtained for a secondary 
analysis investigating concurrent changes in muscle size relative to changes in EI.   
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Research assistants blinded to limb (surgical vs. non-surgical) used ImageJ software 
(National Institutes of Health, Bethesda, MD, USA) for all ultrasound imaging analyses. 
Analyses were conducted for the VL and RF separately.  Using the straight-line function, 
each image was scaled individually from pixels to centimeters. To determine EI, the polygon 
function was used to select the region of interest (ROI), including as much of the muscle as 
possible and excluding the surrounding fascia (Figure 1).  EI was assessed using computer-
aided gray-scale ranging between 0 (black) and 255 (white) arbitrary units (AU) assigned to 
each pixel from which the mean across the ROI was calculated such that higher EI values 
represented greater noncontractile tissue (i.e. fat, connective tissue, fibrous tissue) and poorer 
muscle quality.58,66,67  CSA was calculated as the area (cm2) of the same ROI.  SFT was 
determined by measuring the distance from deepest skin border to the superficial fascia in 
three different locations (lateral, middle, medial) overlying the muscle of interest (Figure 1), 
and the mean of the three distances was used for EI correction.  Ultrasound signals are 
attenuated as they travel through subcutaneous fat221 such that the signal is weaker when it 
reaches the underlying muscle, resulting in a darker image at greater depths,67  thus EI values 
were corrected for subcutaneous fat using the following equation: Corrected EI = 
Uncorrected EI + (SFT × 40.5278).66   
Statistical Analyses 
 All outcomes were confirmed as being normally distributed using the Shaprio-Wilk 
test and visual inspections of histograms.  EI and CSA of each muscle in the ACLR limb 
were compared to a healthy control limb via 3(time) x 2 (group) mixed-model repeated-
measures ANOVA (α = 0.05). For control participants, the right limb was selected as the 
comparison limb.  Significant ANOVA models were evaluated post hoc via planned 
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between-group comparisons at each time point using independent samples t-tests, and 
comparisons across time within the ACLR group were evaluated via paired samples t-tests.  
The level of significance for the post hoc analysis was corrected using the Bonferroni 
procedure (α = 0.05/9 = 0.006 per pairwise comparison).  Limb symmetry indices (LSI) for 
EI and CSA were calculated ([Involved limb / uninvolved limb] * 100) and evaluated using 
the same statistical procedure.  Inter-limb comparisons of EI and CSA of each muscle in the 
ACLR group were evaluated via 3 (time) x 2 (limb) repeated-measures ANOVA (α = 0.05).  
In the instance of a significant ANOVA model, post hoc between limb comparisons were 
made at each time point via Bonferroni adjusted paired samples t-tests (α = 0.05/3 = 0.017 
per comparison).   
 The minimal clinically important difference (MCID) for EI and CSA of each muscle 
was estimated separately for changes over 1 and 3 months, respectively, as 1x the standard 
error of measurement (SEM).235  SEM was determined based on changes in EI over time in 
the control group as 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆 ∗   √1 − 𝑃𝑃 where SD is the standard deviation and r is the 
reliability coefficient (Cronbach’s alpha).  These values were then used to evaluate the 
clinical relevance of changes noted in the ACLR group. 
Results 
 Descriptive statistics for each group are presented in Table 1.  No demographic 
differences were present between groups.   
Quadriceps Echo Intensity 
The time x group interactions were significant for RF EI (p = 0.004) and VL EI (p < 
0.001).  Post hoc analyses indicated that within the ACLR limb, RF and VL EI were 
significantly higher at 1 (p = 0.001 and p < 0.001, respectively) and 3 (p = 0.001 and p < 
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0.001, respectively) months compared to baseline, but did not differ between 1 and 3 months 
(p = 0.965 and 0.826, respectively) .  RF EI did not differ between the groups at baseline (p = 
0.937), 1 month (p = 0.313), or 3 months (p = 0.232).  Similarly, VL EI did not differ 
between the groups at baseline (p = 0.507) or 1 month (p = 0.079) but approached 
significance at 3 months (p = 0.043).  The observed power for the difference in VL EI 
between groups at 3 months was 0.630 indicating that 40 subjects per group would have been 
necessary to achieve significance using our conservative post hoc procedures (α = 0.006).  
The MCIDs for RF and VL EI were 2.16 and 1.86, respectively, at 1 month and 2.21 and 
1.78, respectively, at 3 months.  At 1 and 3 months, RF and VL EI in the ACLR group 
exceed the control group EI by greater than the MCID.  Group and limb comparisons for EI 
are detailed in Table 2.     
The time x limb interactions were significant for RF EI (p < 0.001) and VL EI (p < 
0.001) in the ACLR group.  RF and VL EI were significantly higher in the ACLR limb 
compared to the contralateral limb at 1 (p = 0.003 and p < 0.001, respectively) and 3 (p = 
0.002 and p < 0.001, respectively) months, but did not differ between limbs at baseline (p = 
0.784 and p = 0.145, respectively).  RF EI limb and group differences are depicted in Figure 
2 and VL EI limb and group differences are depicted in Figure 3.   
The time x group interactions were significant for RF EI LSI (p = 0.006) and VL EI 
LSI (p = 0.005).  Post hoc analyses indicated that RF EI LSI in the ACLR group was greater 
at 1 (p < 0.001) and 3 (p = 0.002) months compared to baseline but did not differ from 1 to 3 
months (p = 0.738).  RF EI LSI was also greater at 1 (p = 0.027) and 3 months (p = 0.045) 
compared to the control group but failed to reach statistical significance due to the 
conservative nature of the Bonferroni correction.  The observed power for RF EI LSI 
60 
 
differences between groups was 0.690 at 1 month and 0.686 at 3 months, indicating that 
samples of 36 per group would have been necessary to achieve statistically significant 
differences between groups using our post hoc procedure (α = 0.006).  VL EI LSI was greater 
in the ACLR group at 1 and 3 months compared to the control group (p < 0.001; p < 0.001) 
and compared to baseline (p = 0.002; p < 0.001) but was not different at 3 months compared 
to 1 month (p = 0.337).  The MCID for RF and VL EI LSI was 2.10 and 3.42 respectively at 
1 month and 4.32 and 5.89 respectively at 3 months.  At 1 and 3 months, RF and VL EI LSI 
in the ACLR group exceed the control group EI by greater than the MCID.  LSI values are 
detailed in Table 4. 
Quadriceps Cross-sectional Area 
The time x group interactions were significant for RF CSA (p = 0.001) and VL CSA 
(p < 0.001).  RF CSA in the ACLR limb was significantly smaller at 1 month compared to 
baseline (p = 0.001) and 3 months (p = 0.002) but was not different from baseline at 3 
months (p = 0.140).  RF CSA was also smaller in the ACLR limb compared to the control 
limb at 1 (p = 0.011) and 3 months (p = 0.013) but failed to reach significance due to the 
conservative nature of the Bonferroni correction.  Observed power for RF CSA differences 
between groups was 0.596 at 1 month and 0.579 at 3 months indicating a sample size of 28 
per group would be necessary to achieve a statistically significant difference between groups 
at 1 and 3 months with α = 0.006. VL CSA in the ACLR limb was significantly smaller at 1 
(p < 0.001) and 3 (p = 0.001) months compared to baseline, but larger at 3 months compared 
to 1 month (p < 0.001).  VL CSA was also significantly smaller at 1 (p < 0.001) and 3 (p = 
0.003) months compared to the control group.  The MCIDs for RF and VL CSA were 0.55 
and 1.09, respectively, at 1 month and 0.63 and 1.36, respectively, at 3 months.  At 1 and 3 
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months, RF and VL CSA in the ACLR group were smaller than the control group EI by 
greater than the MCID.  Group and limb comparisons for EI are detailed in Table 3. 
The time x limb interactions were significant for RF CSA (p = 0.017) and VL CSA (p 
< 0.001) in the ACLR group.  RF CSA was smaller in the ACLR limb compared to the 
contralateral limb at 1 (p < 0.001) and 3 (p < 0.001) months, but not at baseline (p = 0.335). 
VL CSA was smaller in the ACLR limb compared to the contralateral limb at baseline (p < 
0.001), 1 (p < 0.001), and 3 (p < 0.001) months.  Group and limb comparisons are detailed in 
Table 3.  
The time x group interactions were significant for RF CSA LSI (p = 0.007) and VL 
CSA LSI (p < 0.001).  RF CSA LSI in the ACLR group was significantly smaller than the 
control group at 1 (p < 0.001) and 3 (p < 0.001) months, but not at baseline (p = 0.512).  
Within the ACLR group, RF CSA LSI was different at 1 (p = 0.009) and 3 (p = 0.015) 
months compared to baseline but did not reach significance due to the conservative nature of 
the Bonferroni correction.  Observed power analyses indicate that at 1 month (power = 
0.631) a sample size increase to 30, and at 3 months (power  =  0.632) an increase in sample 
size to 34 per group would have provided adequate power to reach statistical significance for 
α = 0.006.  There was no difference in RF CSA LSI within the ACLR group from 1 to 3 
months (p = 0.837).  VL CSA LSI in the ACLR group was significantly lower at 1 and 3 
months compared to the control group (p < 0.001; p < 0.001) and compared to baseline (p < 
0.001; p < 0.001).  VL CSA LSI in the ACLR group compared to the control group 
approached a significant difference at baseline (p = 0.023) but fell short due to the 
conservative nature of Bonferroni correction.  Observed power for group VL CSA LSI 
differences at baseline was 0.674 and a sample size of 28 per group would have provided 
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achieve adequate power and a statistically significant difference between groups for α = 
0.006.  VL CSA LSI within the ACLR group was not different at 3 months compared to 1 
month (p = 0.174).  LSI comparisons for each group are detailed in Table 4. 
Discussion 
 To our knowledge, this is the first study to evaluate quadriceps muscle quality over 
the first three months following ACLR using ultrasound imaging.  The results indicate that 
QMQ declines over the first month in the ACLR limb and does not improve by month 3.  
Considerable atrophy of the RF and VL also occurred over the first month after ACLR, but 
both muscles increased in size from 1 to 3 months.  At 3 months, the RF was similar in size 
to baseline values while the VL remained significantly smaller than baseline, yet both 
muscles remained smaller compared to the contralateral side.   As such, QMQ and size 
appear to change independently following ACLR and may uniquely influence quadriceps 
function.   
 Both RF and VL in the ACLR limb displayed greater EI at 1 and 3 months compared 
to baseline and compared to the contralateral limb indicating declines in muscle quality.65,66  
These findings are contrary to Garcia et al.233 who reported no differences in ultrasound-
derived measures of percent fat at 9 weeks post-ACLR and at the time of return sport 
compared to baseline.  However, this study only evaluated changes in the RF and utilized a 
different analytical approach to derive muscle quality.  Our analyses included an assessment 
of corrected EI that is highly correlated with intramuscular fat, whereas the aforementioned 
study used a calibration equation to predict intramuscular fat percentage that may differ in 
sensitively to raw EI.  Future research should evaluate the relationship between both 
approaches and how they may uniquely change following ACLR.  Due to a biarticulated 
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orientation, RF contributes to hip flexion whereas the other 3 quadriceps muscles act solely 
at the knee joint, thus providing different levels of activation during dynamic tasks.236  
Inclusion of both the VL and RF may provide a better representation of morphological 
changes of the quadriceps as a whole.  Our current findings are similar to previous work 
indicating that QMQ is worse in the ACLR limb at an average of 49 months compared to the 
contralateral limb (unpublished findings presented at ACL Retreat 2019).231  This suggests 
that QMQ changes within the first month following ACLR, may not be mitigated with 
rehabilitation, and potentially persists for many years after surgery.   
RF and VL EI were not statistically different compared to the control group at 
baseline, 1, or 3 months. However, the magnitudes of these differences were similar to or 
exceeded the differences between the ACLR limb and the contralateral limb that were 
statistically different.  This was potentially influenced by the small sample sizes leading to 
the underpowered results for between-group comparisons.  The MCID values suggest that 
VL and RF EI were clinically greater than the control group at 1 and 3 months.  VL EI LSI 
was greater in the ACLR group compared to the control group at 1 and 3 months and trended 
toward a significant difference at baseline.  This indicates that the ACLR group displays 
lesser limb symmetry in VL EI that is driven by the increase EI in the ACLR limb.  RF EI 
LSI did not differ between groups, but the magnitudes of the differences between groups are 
similar to the differences across time within the ACLR group that were statistically different.  
Because of the smaller sample sizes and the conservative nature of the Bonferroni 
corrections, these comparisons were underpowered.  Looking at the MCIDs, RF EI LSI was 
clinically different at 1 and 3 months compared to the control group.   
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Poorer EI is indicative of greater non-contractile elements, especially, intramuscular 
fat, within the muscle.58,237  Lesser muscle quality is linked to deficits in muscle activation as 
well as mobility limitations.64,218    In those with ACLR and knee OA, diminished muscle 
quality is associated with lower strength, functional impairments, perceived outcomes and 
quality of life.70,231,233  Based on our results and indications from previous literature, it is 
reasonable to assume that poorer QMQ may hinder recovery following ACLR and contribute 
to persistent deficits in quadriceps function.  Long-term quadriceps dysfunction has been 
linked to aberrant gait biomechanics that contribute to the progression of PTOA.42,43  As 
such, future longitudinal research is needed to evaluate long-term changes in QMQ following 
ACLR and the potential influence on quadriceps function, gait biomechanics, and joint 
health.  Tracking QMQ throughout rehabilitation may also provide clinicians an objective 
indication of how their patients are progressing that measures of muscle size may not 
provide.      
Our results also indicate a significant reduction in CSA following ACLR.  Quadriceps 
atrophy is commonly reported following ACLR.204,205  Our findings are similar to those of 
Thomas et al.204 who reported interlimb differences in total quadriceps CSA at the time of 
return to sport.  Both the VL and RF were smaller at 1 month compared to baseline in our 
cohort and both increased in size from 1 month to 3 months, suggesting that rehabilitation 
was effective at improving the size of the muscle up to 3 months.  Our CSA results are 
comparable to those of Garcia et al.233 who reported RF size deficits between limbs at 9 
weeks and at the time of return to activity.  Unlike our findings, the differences reported in 
that study were based on CSA normalized to patient weight while the raw measures of CSA 
were not different.   
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While muscle CSA increased from 1 to 3 months in the ACLR cohort, EI did not 
change from the elevated levels identified at 1 month.  Stockmar et al.211 report that initial 
atrophy and inhibition of the quadriceps musculature cause a metabolic profile shift from 
greater reliance on glycolytic activity to more oxidative utilization for energy.  This suggests 
that the quadriceps partially lose the ability to produce fast twitch force and become more 
dependent on fat as an energy source. These authors theorized that the quadriceps engages in 
compensatory action to promote knee stability via sustained, low activity following ACLR 
that eventually leads to an increase in type I muscle fibers and shifts away from fast twitch 
type II fibers.  Noehren et al.57 reported similar findings, showing that even prior to surgery 
there is a reduction in size of the type-II muscle fibers, and over time there is a shift away 
from these fibers to a type-II/X fiber that is commonly seen in detrained individuals, 
specifically those on bed rest.   The reduction in type II CSA was accompanied by a decrease 
in the number of satellite cells per fiber and an increase the extracellular matrix due to a void 
left by the reduction in fiber diameter.57  Lopresti et al.212 were the first to propose this shift 
and reduction in type II fibers and reported a dramatic reduction in type II fiber size in the 
ACLR limb compare to the uninjured limb.  Even with the reduction in muscle size, 
circumference of the limbs remained equal, suggesting that there may be selective fatty 
deposition in the injured limb to help fuel the higher concentration of and reliance on type I 
fibers for oxidative purposes.212  Based on our results and indications of prior literature, 
improvements in muscle size following early atrophy may not be attributed solely to 
hypertrophy of muscle and may be influenced by fatty infiltration.  Future research should 
examine alterations in muscle size over time and determine how compositional changes may 
impact size increases.   
66 
 
While changes in muscle quality occur following ACLR, rehabilitation techniques for 
improving muscle quality are limited.  High and low volume strength training in elderly 
women has demonstrated positive improvements in muscle quality derived via US.89 In an 
ACLR population however, high volume strength training of the ACLR limb is not feasible 
due to necessary restrictions to preserve the harvested graft.  Aerobic exercise in the form of 
endurance training reduces intramuscular fat by improving lipid metabolism.238  
Implementation of early aerobic exercise, such as stationary biking or swimming, is a 
potential safe adjunct to traditional rehabilitation that should be investigated for practicality 
and effects on muscle quality following ACLR.  Cross training on the contralateral limb may 
also be beneficial for maintaining muscle quality.239–241  During a period of 4 weeks of 
immobilization, eccentric unilateral training of the contralateral limb helped preserve muscle 
strength, thickness, and cross sectional area of the immobilized limb.239  In healthy 
individuals, unilateral eccentric exercise lead to improvements in quadriceps strength and 
activation in the unexercised limb.240  In a case series involving 5 individuals with ACLR, 
eccentric cross-exercise of the contralateral limb lead to improvements in neural function and 
patient reported outcomes.241  Continued research should continue to investigate the effects 
of cross-exercise in those with ACLR and how this may impact muscle morphology.   
The results of this study should be considered within the context of its limitations.  
Our sample sizes were relatively small, and some statistically nonsignificant findings were 
underpowered but may be clinically relevant as indicated by comparisons to the MCIDs.  
Additionally, we only evaluated changes in VL and RF and did not consider potential 
changes of the vastus intermedius or medialis due to inconsistent image clarity of the deep 
borders of these muscles.  CSA was only evaluated at 50% of the length of the thigh and may 
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not account for more proximal or distal muscular changes.  We did not account for the 
potential influence of ACLR graft type, however, recent literature reports similar outcomes in 
quadriceps muscle size and strength in individuals with patellar tendon and quadriceps 
tendon grafts.242  All individuals underwent surgery from 1 of 3 orthopedic surgeons from the 
same clinic, however, rehabilitation was not standardized among the participants.  Lastly, 
physical activity and exercise for the control group were not accounted for and could have 
influenced changes in muscle size or quality.  Both the VL and RF slightly increased in size 
from baseline to 3 months in the control group and may be attributed to exercise or training 
regimens not accounted for in the current study.   
Conclusions 
 The results of the current investigation suggest that QMQ declines rapidly following 
ACLR and does not improve by 3 months.  These changes in QMQ are accompanied by a 
decrease in CSA, however, increases in muscle size from 1 to 3 months occur in the absence 
of improvements in muscle quality.  Deficits in QMQ are linked to deleterious effects on 
quadriceps dysfunction and may lead to poor long-term outcomes.  Future research is 
necessary to determine how QMQ changes across the course of rehabilitation and whether 





Figure 7. Top: Vastus lateralis; Bottom: Rectus femoris.  Each muscle is outlined to exclude 
the surrounding fascia.  Measurements of subcutaneous fat are included at 3 locations 












Table 1. Subject Demographics (mean ± sd)  
  ACLR  (n = 20) 
Control  
(n = 12) P-value 
Age (years) 21.3 ± 5.5 21.5 ± 2.5 0.884 
Height (m) 1.76 ± 0.10 1.74 ± 0.08 0.575 
Mass (kg) 84.8 ± 18.6 76.2 ± 14.7 0.183 
Session 1 (days pre-
surgery) 13.5 ± 7.8 NA   
Session 2 (days post-
surgery/baseline) 32.5 ± 4.9 31.7 ± 5.9 0.687 
Session 3 (days post-
surgery/baseline) 92.1 ± 9.9 87.8 ± 3.5 0.158 
Sex 15 men, 5 women 
8 men, 4 
























Vastus Lateralis EI 
(AU) 
Baseline 
ACLR 89.9 (21.6) 92.7 (22.6) 
Contralateral 88.2 (17.0) 90.4 (22.7) 
Control 89.3 (20.5) 87.2 (22.4) 
1 Month 
ACL 97.5 (19.2)*† 102.4 (21.9)*† 
Contralateral 88.6 (14.8) 92.7 (20.4) 
Control 89.9 (21.5) 87.38 (23.69) 
MCID 2.16 1.86 
3 Months 
ACLR 97.2 (19.5)*† 102.3 (22.1)*†‡ 
Contralateral 88.4 (13.3) 90.8 (20.5) 
Control 88.0 (22.1) 85.0 (23.0) 








*Significantly different from baseline 
† Significantly different from Contralateral Limb 
‡ Statistical Trend from Control Limb (p < 0.05) 
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*Significantly different from baseline 
†Significantly different from Contralateral Limb 
 


















Figure 9. Vasus Lateralis Echointensity 
 
*Significantly different from baseline 
† Significantly different from Contralateral Limb 







































Table 3. Average Cross-Sectional Area at Each Time point [Mean (SD)] 
 
  Rectus Femoris CSA (cm2) Vastus Lateralis CSA (cm2) 
Baseline 
ACLR 7.8 (1.5) 21.7 (5.9)% 
Contralateral 8.1 (2.1) 25.1 (6.1) 
Control 7.8 (1.8) 24.7 (7.1) 
1 Month 
ACL 6.6 (1.6)*%! 15.9 (4.5)*‡% 
Contralateral 7.9 (2.0) 23.7 (5.4) 
Control 8.2 (1.8) 25.1 (6.9) 
MCID 0.55 1.09 
3 Months 
ACLR 7.3 (1.6)†%! 18.7 (5.5)*†‡% 
Contralateral 8.8 (1.8) 26.7 (7.0) 
Control 9.0 (2.1) 26.6 (8.6) 
MCID 0.63 1.36 
*Significantly different from baseline 
†Significantly different from 1 to 3 months   
‡Significantly different from Control Limb   
% Significantly different from Contralateral Limb 
! Statistical Trend from Control Limb (p < 0.05)   















Table 4. Average EI and CSA Limb Symmetry at Each Time point [Mean (SD)] 
 
  RF EI LSI VL EI LSI RF CSA LSI VL CSA LSI 
Baseline ACLR 100.5 (12.2) 103.0 (7.4) 99.2 (18.9) 86.4 (11.7)! 
Control 101.25 (7.1) 100.9 (7.6) 103.3 (12.9) 95.3 (7.1) 
1 Month ACLR 110.2 (13.5)*! 110.9 (8.7)*‡ 84.68 (14.2)‡$ 67.3 (11.0)*‡ 
Control 100.3 (7.2) 100.2 (4.8) 108.4 (11.5) 97.9 (7.5) 
3 Months ACLR 109.6 (12.8)*! 113.2 (8.8)*‡ 83.8 (13.8)‡$ 70.8 (13.0)*‡ 
Control 101.1 (7.2) 99.7 (8.3) 109.3 (18.6) 99.2 (8.00) 
*Significantly different from baseline    
‡Significantly different from Control 
Group    
! Statistical Trend from Control Group  
(p < 0.05) 
$ Statistical Trend from Baseline  

















CHAPTER VI: MANUSCRIPT 2 
The Effects of Quadriceps Morphology on Gait Biomechanics in Individuals Three 
Months Following Anterior Cruciate Ligament Reconstruction 
 
Introduction 
Anterior cruciate ligament injury and surgical reconstruction (ACLR) are common 
occurrences in the United States, affecting as many as 250,000 annually.1,2  Even with 
restoration of mechanical stability,5,6 ACLR increases the risk of long-term joint health 
impediments in the form post-traumatic knee osteoarthritis (PTOA).7–10  Within the first 2 
decades post-surgery, up to 80% of individuals develop PTOA,7,8,11,12 with MRI evidence of 
joint degradation occurring within two years.13,14  Identifying targetable contributors to 
PTOA risk following ACLR is a crucial step in enhancing long-term joint health.   
Aberrant gait biomechanics persist many years following ACLR,19–21 including lesser 
peak knee flexion angles and sagittal plane moments during the first half of stance during 
walking in the ACLR limb compared to healthy controls and the contralateral limb.22  
Additionally, patients who develop PTOA within 5 years post-ACLR demonstrate lesser 
peak knee flexion angles and sagittal knee moments.25  Individuals with ACLR who display 
smaller peak vertical ground reaction forces (vGRF) during walking show higher levels of 
serum biomarkers related to cartilage breakdown.23  Early following ACLR, individuals who 
are symptomatic are more likely to display smaller vGRF’s.174  Because walking is cyclical 
in nature and involves thousands of steps per day, even small changes in loading may alter 
cartilage homeostasis, leading to degradation and PTOA.18   
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Quadriceps dysfunction in the form of weakness and activation failure is a common, 
lingering complication following ACLR36–40 that is associated with aberrant gait 
biomechanics.26–28 As such, quadriceps dysfunction potentially influences PTOA risk 
following ACLR by contributing to aberrant gait biomechanics.56,243  Concomitant changes in 
neural contributors to quadriceps function and muscle morphology have been observed that 
likely impair force producing capacity following ACLR.244 Muscle biopsies demonstrate that 
muscle fiber cross-sectional area (CSA) decreases, the concentration of type II muscle fibers 
declines, and the extracellular matrix between fibers increases in size.57  Additionally, we 
have demonstrated that the surgical limb displays poorer quadriceps muscle quality (QMQ) 
compared to the contralateral limb an average of 49 months post-ACLR.231  Poorer QMQ is 
caused by an increase in non-contractile (fatty and fibrous tissue) elements within the 
muscle.58  Ultrasound echo-intensity (EI) is highly correlated with intramuscular fat content 
derived from MRI,66 and is indicative of greater noncontractile tissue (i.e. fat, connective 
tissue, fibrous tissue) within a muscle and poorer muscle quality.58,66,67  Greater amounts of 
adipose tissue reduce a muscle’s ability to effectively contract, leading to a decrease in force 
producing capabilities.60  Quadriceps central activation ratio (CAR) is lesser in healthy 
individuals with greater amounts of intramuscular fat,64  and we have demonstrated that 
poorer QMQ is related to poorer isometric knee extension torque in ACLR limbs compared 
to the contralateral limb.231   
Poorer QMQ in the ACLR limb early following surgery may hinder quadriceps 
function and contribute to the development of faulty gait mechanics.  Preliminary analyses 
from the current cohort (unpublished data not reported in current manuscript) suggest that 
QMQ declines within the first month and does not improve by 3 months post-ACLR.  
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However, the influence of QMQ on gait biomechanics linked to PTOA development is 
unknown.  Therefore, the purpose of this study was to determine the influence of changes in 
QMQ early post-ACLR on walking gait biomechanics.  We hypothesized that poorer QMQ 
and greater declines in QMQ over the first 3 months post-ACLR would be associated with 
smaller sagittal plane angles and moments and lower peak vertical ground reaction forces in 
the ACLR limb during walking.    
Methods 
Experimental Design 
 A longitudinal cohort design was used to analyze relationships between changes in 
QMQ over the first 3 months following ACLR and walking gait biomechanics obtained at 3 
months post-ACLR.   All participants completed 3 testing visits over a 3-month time period.  
Baseline testing was completed on average 14 ± 8 days prior to ACLR with follow up 
sessions at 1 (33 ± 5 days) and 3 months (92 ± 10 days) post-surgery.  During each session, a 
series of ultrasound images were obtained from the quadriceps muscle group.  At the 3-
month follow up, gait biomechanics were as assessed.  Only data from the baseline and 3-
month testing sessions are presented here. 
Subjects 
 Thirty ACLR patients volunteered to participate in the study.  The study was initially 
planned as a 6-month longitudinal assessment, but subject follow ups were discontinued due 
to the worldwide COVID-19 pandemic, thus data from 20 ACLR (age = 21 ± 6 years; 15 
males, 5 female; 13 patellar tendon grafts, 5 quadriceps tendon grafts, 1 hamstring tendon 
graft, and 1 allograft) patients who completed each of the first 3 testing sessions are 
presented here.  Participants were recruited from an orthopedic clinic if they had unilateral 
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ACL injury and were scheduled for surgical reconstruction.  Individuals with a history of 
other lower extremity surgery, previous ACLR to either limb, a lower extremity injury other 
than primary ACL injury within the 6 months prior to participation, concussion within the 6 
months prior to participation, or neurological disorder were excluded.  The study was 
approved by the university’s biomedical institutional review board and all subjects provided 
written consent prior to testing.   
Assessments 
Ultrasonography of the Quadriceps 
 Bilateral anatomical cross-sectional images of the vastus lateralis (VL) and rectus 
femoris (RF) were obtained at 50% of the length of the femur (greater trochanter to the 
lateral aspect of the femoral condyle).219  Participants were positioned prone with a bolster 
placed under the test knee, as many patients could not achieve full knee extension at baseline.  
Panoramic images of the RF and VL were obtained with a portable, brightness mode (B-
mode) ultrasound imaging device (LOGIQ e 5, General Electric Company, Milwaukee, WI, 
USA) and a multi-frequency linear array probe.  Transmission gel was liberally applied to the 
skin to enhance acoustic coupling and minimize image artifact.  Images were captured with 
the following settings to obtain EI and cross-sectional area (CSA): gain (56 dB), depth (6 
cm), and frequency (10 MHz).  A high-density foam pad was positioned perpendicular to the 
longitudinal axis of the thigh segment to stabilize and align the probe during the panoramic 
scan as the investigator moved the probe in the transverse plane from lateral to medial.  The 
probe was moved with minimal pressure and constant speed to limit motion artifact and 
avoid compression of the underlying structures.  From each image, we identified anatomical 
CSA and subcutaneous fat thickness (SFT).  SFT was used to correct EI during image 
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analysis.66,67  While CSA was not a primary outcome, it was calculated for use in a secondary 
analysis investigating concurrent changes in muscle size and how this may also influence 
walking gait biomechanics.   
 Research assistants blinded to limb (surgical or non-surgical) used ImageJ software 
(National Institutes of Health, Bethesda, MD, USA) for image analyses. Images were scaled 
from pixels to centimeters using the straight line function. Next, the polygon function was 
used to select the region of interest (ROI), including as much of the muscle as possible and 
avoiding the surrounding fascia. EI and CSA were determined from the selected ROI.  EI 
was assessed to determine QMQ using computer-aided gray-scale ranging between 0 (black) 
and 255 (white) arbitrary units (AU) assigned to each pixel from which the mean across the 
ROI was calculated, while CSA was calculated as the area (cm2) of the same ROI.  EI values 
were corrected for subcutaneous fat (SFT) using the following equation: Corrected EI = 
Uncorrected EI + (SFT × 40.5278) to account for the influence of fat on the brightness of the 
image of the underlying muscle.66  SFT attenuates the ultrasound signal,221 resulting in a 
darker image at greater depths.67  SFT was calculated as the average distance from the 
deepest skin border to the superficial fascia surface at three different locations (lateral, 
middle, medial) superficial to the muscle of interest. Limb symmetry indices (LSI) for EI and 
CSA were calculated ([Involved limb / uninvolved limb] * 100) and used for evaluation of the 
relationship between limb symmetry and interlimb differences in gait. An LSI of 100 
represents perfect symmetry between limbs.  A value smaller than 100 indicates values are 
smaller in the ACLR limb compared to the contralateral limb and values greater than 100 are 
the opposite.  
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Walking Gait Biomechanical Assessment 
Preferred walking speed was first identified from five over ground walking trials 
performed at a “self-selected, comfortable speed” between infrared timing gates.  Reflective 
markers were then placed on the lower extremities to create a segment-linkage model. 
Markers were affixed with double sided tape bilaterally on the anterior thigh, anterior tibia, 
base of the 1st and 5th metatarsals, calcaneus, anterior superior iliac spine, greater trochanter, 
medial/lateral femoral epicondyle, medial/lateral malleoli, and acromion processes.  A cluster 
of markers was then placed over the sacrum, and single markers were place over the L4/L5 
vertebra and the sternum.  A static trial was recorded at the beginning of each session for 
identification of joint centers and model calibration.  Markers on the medial epicondyle and 
medal malleoli were removed during dynamic trials.  Marker trajectories were sampled at 
200 Hz using an 8-camera 3D motion capture system (QTM, Qualisys Motion Capture 
Systems, Göteborg Sweden).  The cameras were interfaced with a split belt instrumented 
treadmill (Bertec Corp., Columbus, OH) from which ground reaction forces were sampled at 
2000 Hz.  After the static trial, subjects completed a 2-minute interval of walking at the 
preferred gait speed from which kinematic and kinetic data were sampled during the second 
minute.  
Gait biomechanics data were assessed in QTM software to identify and label marker 
trajectories.  Once labeled, the marker trajectory data were synced with the ground reaction 
force data and exported from QTM to Visual 3D software for further analysis.  Ankle joint 
centers were estimated as the midpoint between the lateral and medial malleolus markers. 
Knee joint centers were defined as the midpoint between the lateral and medial epicondyle 
markers. The Bell method was used to determine the hip joint centers.225  Kinematic data and 
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ground reaction forces were lowpass filtered at 10 Hz.33,222–224  Knee joint angles were 
calculated as motion of the shank segment relative to the thigh segment via Euler angles in a 
sagittal/frontal/transverse rotation sequence and combined with ground reaction forces and 
anthropometric data in a standard inverse dynamic procedure to yield net internal joint 
moments. 
Analysis was restricted to the first 50% of the stance phase over 10 steps.  The stance 
phase was defined as the interval from heel strike (vertical ground reaction force [vGRF] ≥ 
20N) to toe off (vGRF ≤ 20 N).  Kinetic outcomes included the peak vGRF and peak internal 
knee extension moment (KEM).  Forces were normalized to body weight (xBW) while 
moments were normalized to the product of body weight and height (xBW*Ht).  Moments 
were multiplied by -100 to make all internal extension moments positive and increase the 
values for easier interpretation.  Kinematic outcomes included the peak knee flexion angle 
and knee flexion angular excursion from heel strike to peak.  A difference value was also 
calculated (Uninvolved – Involved) to evaluate the influence of EI on interlimb differences 
for each biomechanical variable.   
Statistical Analyses 
 All data were confirmed as being normally distributed using the Shaprio-Wilk test 
and visual inspection of histograms.  Gait biomechanics variables were compared between 
limbs via paired-samples t-tests to confirm the presence of aberrant gait biomechanics.  Gait 
biomechanics are influenced by gait speed,245 therefore, partial Pearson correlations were 
used to evaluate relationships between EI and CSA of each muscle at 3 months and each 
biomechanical variable controlling for gait speed.  Percent change from baseline for EI and 
CSA was calculated for each variable ((3 months – baseline) / baseline) *100).  The 
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associations between EI and CSA change over 3 months and each gait biomechanical 
variable were also evaluated using partial Pearson correlations controlling for gait speed.  
The same statistical procedure was used to evaluate the relationship between interlimb 
differences in gait and LSI’s for EI and CSA. 
Results 
 Bilateral comparisons and descriptive data for each gait biomechanical variable are 
detailed in Table 1.  Peak vGRF (p < 0.001) and KEM (p = 0.002) were smaller in the ACLR 
limb compared to the contralateral limb, thus confirming the existence of aberrant gait 
biomechanics.  Peak knee flexion angle (p = 0.387) and knee flexion excursion (p = 0.989) 
were not different between limbs.  Means and standard deviations for EI and CSA, % change 
over 3 months, and LSI’s are detailed in Table 2.     
 Partial correlation coefficients for relationships between EI and CSA and gait 
biomechanical variables are provided in Table 3 and Table 4.  Greater VL EI was associated 
with smaller peak knee flexion angles (r = -0.511, p = 0.025), but not with any other 
biomechanical variable (p > 0.05).  VL EI % change, RF EI, and RF EI % change were not 
associated with any gait biomechanical variables (p > 0.05). The % change in RF EI trended 
towards a significant association with peak vGRF (r = 0.440, p = 0.059, 95% CI -0.004, 
0.739) but was likely underpowered (observed power = 0.543).  Larger RF CSA (r = -0.462, 
p = 0.047) and higher RF CSA % change (r = -0.589, p = 0.008) were associated with less 
knee flexion excursion.  No other measures of CSA were associated with gait biomechanical 
variables (p > 0.05).     
 Partial correlation coefficients for the relationship between EI and CSA LSI and 
interlimb differences in gait biomechanical variables are provided in Table 5.  Greater RF EI 
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LSI was associated with larger differences in KEM (r = 0.485, p = 0.035).  Greater VL EI 
LSI was associated with a greater interlimb difference in peak knee flexion angle (r = 0.563, 
p = 0.012) and knee flexion excursion (r = 0.483, p = 0.036).  No other LSI’s were associated 
with interlimb differences in gait biomechanics.   
Discussion 
 To our knowledge, this is the first study to evaluate associations between QMQ and 
gait biomechanics early following ACLR.  At 3 months post-ACLR, our data demonstrate 
interlimb differences in the sagittal plane kinetics and peak vGRF that are consistent with 
previous literature and linked to the progression on PTOA.25,174,222,246,247  The primary results 
of our investigation support our hypothesis that poorer QMQ would be associated with 
aberrant gait biomechanics linked to PTOA development.  Poorer QMQ (e.g. higher VL EI) 
was associated with smaller peak knee flexion angles during the loading phase of gait.  
Greater asymmetry in VL EI was associated with greater interlimb differences in peak knee 
flexion and knee flexion excursion and greater asymmetry in RF EI was associated with 
greater interlimb differences in KEM.  Greater asymmetry was driven by higher EI in the 
ACLR compared to the contralateral limb and interlimb differences were driven from smaller 
knee flexion angles and KEM, and less excursion in the ACLR.  Secondary analyses 
indicated that larger RF CSA and a greater % change in RF CSA over the first 3 months post-
ACLR were associated with less knee flexion excursion.   
 The associations between poorer QMQ and lesser peak knee flexion angles, as well as 
the associations between greater asymmetry in QMQ and greater interlimb differences in 
peak knee flexion angle, peak KEM, and knee flexion excursion during walking agrees with 
previous literature indicating that quadriceps dysfunction is linked to aberrant sagittal plane 
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gait biomechanics following ACLR.42 However, this is the first study to demonstrate an 
influence of quadriceps morphology.  Lewek et al.42 report that individuals with ACLR and 
lower quadriceps strength display smaller peak flexion angles and external flexion moments 
during gait compared to uninjured controls and ACLR patients with stronger quadriceps.  
The quadriceps attenuate and distribute forces across the knee joint during the early part of 
stance during gait, and dynamic knee joint stability is dependent on proper quadriceps 
function.44,188,189  As such, long-term quadriceps dysfunction influences aberrant gait 
biomechanics linked to PTOA progression.42,173  Greater EI is indicative of greater amounts 
of non-contractile elements within the muscle.58,237  Rahemi et al.60 reported that greater 
amounts of fat within a muscle increases the stiffness of the muscle fibers and diminishes 
their capacity to shorten, thus reducing the overall force production ability.  Similarly, Baum 
et al.216 reported that greater intramuscular fat content identified via MRI was associated with 
lower isometric knee extension strength and predicted a greater amount of variance in 
strength than did quadriceps size. Greater intramuscular adipose tissue also influences the 
ability of a muscle to voluntarily activate as higher fat content of the quadriceps is associated 
with lower central activation ratio.64  Both lower isometric torque and reduced activation are 
commonly reported following ACLR,37,38,45–50 and poorer QMQ likely influences these 
outcomes in ACLR patients.  Preliminary data from our sample indicate that EI increases 
over the first 3 months following ACLR, and we previously demonstrated that QMQ is worse 
in the ACLR limb compared to the contralateral and that poorer QMQ is related to lesser 
strength and functional limitations and average of 49 months post-ACLR.231   
The ACLR limb consistently displays lesser knee flexion angles and smaller sagittal 
moments throughout gait in the literature.19,21,25,197,248,249  It is hypothesized that these 
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kinematic and kinetic changes alter the joint contact area and force, shifting loading to areas 
of cartilage not accustomed to cyclical loading inherent to gait, potentially contributing to 
PTOA development.22,25,28,181,190–193 Khandha et al.25 reported that individuals 5 years 
removed from ACLR who develop PTOA displayed smaller knee flexion angles and external 
flexion moments compared to those who did not develop PTOA. As such, poorer muscle 
quality may influence long-term joint health following ACLR by impeding quadriceps 
function and contributing to aberrant gait biomechanics.  Future research should expand upon 
these results to determine how QMQ influences gait biomechanics across the course of 
rehabilitation and following completion of formal rehabilitation, and the influence on PTOA 
development. 
Larger RF CSA and greater RF CSA percent change at 3 months were associated with 
less knee flexion excursion.  However, this relationship was not observed in the VL and no 
other relationships were observed between quadriceps size and gait biomechanics.  These 
results were contrary to our hypotheses.  In theory, larger quadriceps can produce more force 
and permit greater knee flexion range of motion during gait via more effective eccentric 
action.42  The RF is biarticulate and contributes to hip flexion and during dynamic tasks, and 
displays different levels of activation compared to the other muscles in the quadriceps 
group.236  The vasti muscles contribute more to knee joint contact forces compared to the 
RF.250  However, to the best of our knowledge, the influences of individual muscles within 
the quadriceps group on aberrant gait biomechanics and PTOA progression have not been 
evaluated. Future research should investigate if muscles within the quadriceps muscle group 
change independently and how each muscle uniquely contributes to gait biomechanics.   
Increased aerobic activity in elderly populations lead to reductions of intramuscular fat and 
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higher fat metabolism.238  Eccentric cross-exercise helps maintain muscle strength and size 
during immobilization and improves neural function and patient reported outcomes in those 
with ACLR.239,241  Future research should investigate if aerobic and eccentric cross exercise 
helps maintain muscle quality and mitigates aberrant gait biomechanics. 
The results of the current study should be interpreted within the context of its 
limitations.  Our sample was relatively small with 20 participants.  Thirty individuals were 
initially enrolled but due to research restrictions caused by COVID-19, not all participants 
were able to complete the follow up visits at 3 months.  Gait biomechanics were collected at 
3 months and we did not account for any potential lingering swelling, pain, or range of 
motion deficits.  Additionally, we evaluated EI and CSA of the VL and RF and did not 
consider potential changes of the vastus intermedius or medialis due inconsistent image 
clarity of the deep borders.  Ultrasound images were obtained at 50% of the length of the 
thigh and may not account for distal or proximal muscular changes.  Gait biomechanics were 
obtained from an instrumented treadmill which may differ from real world overground 
walking.251  We did not account for the potential influence of ACLR graft type, however, 
recent literature reports similar quadriceps muscle size and strength in patients with patellar 
tendon and quadriceps tendon grafts,242 and gait biomechanics are similar between graft 
types.252  All participants underwent surgery from 1 of 3 orthopedic surgeons from the same 
clinic, however, rehabilitation was not standardized among the participants. 
Conclusions 
 The results of the current investigation suggest that poor QMQ and greater 
asymmetry in QMQ at 3 months following ACLR are associated with aberrant gait 
biomechanics.  Smaller peak flexion angles and sagittal moments are related to poorer 
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quadriceps function and declines in knee joint health and the progression of PTOA.  Future 
research is necessary to determine the effects of QMQ on PTOA risk and if improvements in 




















Table 5. Gait Biomechanics [Mean (SD)] 
 Gait Variable Involved Uninvolved p-value 
Peak vGRF 1.02 (0.07) 1.08 (0.07) <0.001* 
Peak Knee Flexion Angle 11.7 (4.0) 10.4 (4.2) 0.387 
Knee Flexion Excursion 14.1 (5.7) 14.1 (4.9) 0.989 
Peak KEM 0.62 (1.3) 2.01 (1.3 0.002* 































3 Months  97.2 (19.5) 102.3 (22.0) 7.3 (1.5) 18.7 (5.5) 
% Change 9.4 (11.1) 11.5 (8.1)  -5.2 (16.3) -12.5 (13.8) 





















Table 7. Partial Correlations Between EI and Biomechanical Variables [r(p)]. 
 RF EI RF % Change VL EI 
VL % 
Change 




























Bold* indicates a significant relationship p < 0.05;  



















Table 8. Partial Correlations Between CSA and Biomechanical Variables [r(p)]. 
 RF CSA RF % Change VL CSA VL % Change 














































Table 9. Partial Correlations Between EI and CSA LSI’s and Interlimb Differences in 
Gait. [r(p)] 
 RF EI LSI RF CSA LSI VL EI LSI VL CSA LSI 























































CHAPTER VII: MANUSCRIPT 3 
The Effects of Quadriceps Morphology on Self-Reported Function in Individuals Three 
Months Following Anterior Cruciate Ligament Reconstruction 
 
Introduction 
As many as 250,000 individuals undergo anterior cruciate ligament injury and 
surgical reconstruction (ACLR) in the United States annually.1,2  Surgical reconstruction is 
typically followed by therapeutic interventions targeting symptoms, quadriceps function, 
minimizing secondary injury risk, and returning patients to preinjury physical activity.253  
Enhancing patient reported outcomes after ACLR is also a primary focus of rehabilitation, 
yet clinicians struggle to reach satisfactory levels of self-perceived knee function and overall 
quality of life.166  In particular, quadriceps dysfunction persists in the form of weakness and 
voluntary activation deficits.37,38,254  At the time of return to sport and at an average of 37 
months post-surgery,    quadriceps dysfunction is associated with lesser perceived knee 
function and quality of life.166,255   
Quadriceps dysfunction is multifactorial as evidenced by both neural and 
morphological adaptations following ACLR.38,45,46,49,50,57  Muscle atrophy is a major 
morphological contributor to quadriceps weakness early following ACLR204 as a result of 
immobilization and arthrogenic muscle inhibition (AMI).45  Smaller quadriceps are also 
related to poorer quadriceps function an average of 34 months post-surgery.256  However, 
weakness persists in the ACLR limb even when muscle volume returns normal ranges 
compared to the contralateral limb and to controls.209 While substantial research has 
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evaluated changes in muscle size, limited evidence is available regarding adaptations to 
quadriceps muscle composition.  Biopsies demonstrate that muscle fiber cross-sectional area 
(CSA) decreases, the concentration of type II muscle fibers declines, and the extracellular 
matrix between fibers increases in size.57  These adaptations have been reported an average 
of 6 months post-ACLR, thus they persist throughout the rehabilitation period and the 
resumption of physical activity.  Preliminary data from the cohort described in this paper 
suggest that quadriceps muscle quality (QMQ) declines within the first month post ACLR 
and does not improve by 3 months.  Poorer QMQ is caused by an increase in non-contractile 
(fatty and fibrous tissue) elements within the muscle58 attributable to decreases in activity, 
muscle activation deficits, mobility limitations, and injury.59  Higher concentrations of fat 
within a muscle limit its ability to produce force.59,60  In turn, reduced muscle function incurs 
greater infiltration of fatty tissue in a detrimental cycle of cause and effect.59  Quadriceps 
function is associated with the Knee Injury and Osteoarthritis Outcome Score (KOOS)257 and 
the International Knee Documentation Committee subjective knee evaluation form (IKDC) 
scores.50  As such, poorer QMQ may influence patient reported outcomes by impeding 
quadriceps function.   
Techniques for evaluating muscle quality (e.g. biopsy, MRI) can be expensive, time 
consuming, and cause patient pain.  However, ultrasound is a cost-effective tool that can be 
used to obtain a surrogate measure of muscle quality with no known risks to patients.65  
Ultrasound echo-intensity (EI) refers to the brightness of a region of interest in an ultrasound 
image and is highly correlated with intramuscular fat content derived from MRI.66  Higher EI 
values represent greater noncontractile tissue (i.e. fat, connective tissue, fibrous tissue) within 
a muscle and poorer muscle quality.58,66,67    
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Higher vastus lateralis (VL) EI and smaller VL cross sectional area (CSA) are related 
to poorer self-report outcomes in individuals an average of 51 months post-ACLR.234  
However, higher rectus femoris (RF) fat percentage is related to poorer self-reported knee 
function 9 weeks post-ACLR and at the time of return to activity while smaller RF CSA is 
related to poorer self-reported function at 9 weeks, but not at the time of return to activity.233  
These differential results may be influenced by the biarticular nature of the RF and it dual 
role in controlling hip and knee motion.  As such, assessing the uni-articualar VL may 
provide greater insight into self-reported knee function.  Our preliminary data indicate that at 
1 month, both RF and VL atrophy and increase in EI compared to pre-surgery levels.  
However, it is unknown how these earlier measures at pre surgery and at 1 month relate to 
self-reported outcomes later at 3 months.   Assessing maximal quadriceps function early 
following ACLR is not feasible due to the need to shield the graft from excessive loading.  
Measuring QMQ and CSA early following surgery may provide a surrogate measure of 
quadriceps function that is predictive of self-reported function later in the rehabilitation 
process. Therefore, the purpose of this study was to evaluate the influence of QMQ and CSA 
at baseline (prior to ACLR), and 1 month and 3 months post-ACLR, as well as longitudinal 
changes in QMQ and CSA, on self-reported knee function and quality of life.  We 
hypothesized that patients with poorer QMQ, smaller CSA, and greater changes in QMQ and 
CSA would report poorer quality of life and lower satisfaction of knee function. 
Methods 
Experimental Design 
 A longitudinal cohort design was used to analyze relationships between changes in 
QMQ over the first 3 months following ACLR and patient reported outcomes in individuals 
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with primary unilateral ACLR.   All participants completed 3 testing visits: baseline (14 ± 8 
days prior to ACLR), 1 month (33 ± 5 days), and 3 months (92 ± 10 days) post-ACLR.  
During each session, ultrasound images were obtained from the quadriceps muscle group.  At 
the 3-month follow up, patients also completed electronic versions of the IKDC and the 
KOOS surveys.   
Subjects 
 Thirty individuals with ACLR volunteered to participate in this study that was 
originally designed to follow patients over the first 6 months post-ACLR.  However, follow-
ups were interrupted by the COVID-19 pandemic, thus data from 20 ACLR (age = 21 ± 6 
years; 15 male, 5 female; 13 patellar tendon grafts, 5 quadriceps tendon grafts, 1 hamstring 
tendon graft, and 1 allograft) patients are presented here.  Participants were recruited from a 
local orthopaedic clinic if they had unilateral ACL injury were scheduled for surgical 
reconstruction.  Individuals with a history of other lower extremity surgery, previous ACLR 
to either limb, a lower extremity injury other than primary ACL injury within the 6 months 
prior to participation, concussion within the 6 months prior to participation, or neurological 
disorder were excluded.  All participants provided written consent prior to participating and 
the study was approved by the university’s institutional review board.   
Assessments 
Ultrasonography of the Quadriceps 
 Transverse plan ultrasound images were obtained bilaterally from the VL and RF at 
50% of the length of the thigh (greater trochanter to the lateral aspect of the femoral 
condyle).219  A bolster was placed under the test knee, as many patients could not achieve full 
knee extension at baseline and 1 month post-ACLR.  Images were obtained with a portable, 
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brightness mode (B-mode) ultrasound imaging device (LOGIQ e 5, General Electric 
Company, Milwaukee, WI, USA) and a multi-frequency linear array probe.  Transmission 
gel was liberally applied to the skin to enhance acoustic coupling and minimize image 
artifact.  Panoramic images were obtained to determine quadriceps EI with the following 
settings: gain (56 dB), depth (6 cm), and frequency (10 MHz).  A high-density foam pad was 
positioned over the thigh in the transverse plane to stabilize the probe as it was moved from 
lateral to medial with consistent speed and minimal pressure to avoid motion artifact and 
compression of the underlying structures.  From each image, we obtained anatomical cross-
sectional area (CSA) and subcutaneous fat thickness (SFT).  SFT was used to correct EI 
during image analysis.66,67  While CSA was not a primary outcome, it was collected for a 
secondary analysis investigating concurrent changes in muscle size relative to changes in 
muscle quality.   
ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for all 
image analyses.  Research assistants blinded to limb condition (surgical vs. non-surgical) first 
scaled the images using the straight-line function to convert image units from pixels to cm.  
To determine EI and CSA, the polygon function was used to trace a region of interest (ROI) 
that included as much of the muscle as possible while excluding the surrounding fascia.  EI 
was determined using computer-aided grayscale ranging between 0 (black) and 255 (white) 
arbitrary units (AU) assigned to each pixel from which the mean across the ROI was 
calculated and used to quantify QMQ.  CSA was calculated as the area (cm2) of the same 
ROI.  EI values were then corrected for SFT using the following equation: Corrected EI = 
Uncorrected EI + (SFT × 40.5278).66   Greater subcutaneous fat results in greater superficial 
reflectivity resulting in a weaker signal at greater depths.67  SFT was calculated as the mean 
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distance between the deepest skin border and the superficial fascia surface at three different 
locations (lateral, middle, medial) superficial to the muscle.   
Patient Reported Outcomes 
Participants completed the IKDC to assess self-perceived knee function.  Scores 
ranged from 0 to 100 with higher scores representing better self-reported function.228,229  Five 
subscales of the KOOS were used to assess pain, symptoms, activities of daily living, 
activities of sport and recreation, and knee-related quality of life.  All subscales were 
normalized to 100%, with 100% representing the best score for each component. All 
questionnaires were scored electronically to limit error.   
Statistical Analysis 
All data were confirmed as being normally distributed using the Shaprio-Wilk test and 
visual inspection of histograms.  We utilized separate Pearson product moment correlations 
to investigate relationships between QMQ (baseline, 1 month, and 3 months) and IKDC and 
KOOS scores separately for RF and VL.  We also evaluated the influence of QMQ changes 
over the 1- and 3-month intervals on IKDC and KOOS scores.  Change scores were 
calculated as a percent change from baseline ((1 or 3 months – baseline) / baseline) *100) 
and were used as predictor variables in correlation analyses as described above.  For a 
secondary analysis on the influence the muscle size, the same analyses were repeated using 
CSA and change in CSA of each muscle at each time point as predictor variables.  Statistical 
significance was established a priori as α = 0.05.  Given the preliminary nature of the 
research and the influence of the COVID-19 pandemic on patient retention we identified 




Means and standard deviations for EI and CSA at each time point are presented in 
Table 1.  Patient reported outcomes scores for IKDC and all KOOS subscales are presented 
in Table 2.   
Correlations between EI and Patient Report Outcomes 
Greater VL EI at baseline (i.e. poorer QMQ) trended towards a significant association 
with poorer KOOS symptoms (r = -0.401, p = 0.08, 95% CI -0.844, 0.053), KOOS ADL (r = 
-0.398, p = 0.083; 95% CI -0.842, 0.056), and KOOS quality of life (QOL) (r = -0.391, p = 
0.088; 95% CI -0.837, 0.064).  No other significant relationships between 3-month patient 
reported outcomes at baseline EI measures were found (p > 0.05).     
VL EI at 1 month trended towards a significant relationship with KOOS Symptom (r 
= -0.434, p = 0.056; 95% CI -0.940, 0.013), ADL (r = - 0.389, p = 0.090; 95% CI -0.903), 
and QOL (r = -0.442, p =0.051; 95% CI -0.947, 0.002) and IKDC (r = -0.399, p = 0.082, 
95% CI -0.911, 0.059).  RF EI at 1 month trended towards a significant relationship with 
KOOS QOL (r = -0.421, p = 0.065, 95% CI -0.911, 0.03).  No other significant relationships 
or trends were found between 1 month EI and patient reported outcomes.   
At 3 months, VL EI was significantly associated with KOOS symptoms (r = -0.502, p 
= 0.024).  VL EI at 3 months trended towards a significant relationship with KOOS ADL (r = 
-0.405, p = 0.076, 95% CI -0.920, 0.051), QOL (r = -0.384, p = 0.094, 95% CI -0.902, 
0.078), and IKDC (r = -0.407, p = 0.075, 95% CI -0.922, 0.048).  No other significant 
relationships or trends were found between 3 month EI and patient reported outcomes.  
Correlation coefficients for measures of EI and percent change in EI are found in Table 3.   
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Correlations between CSA and Patient Report Outcomes 
Greater RF CSA at baseline and was associated with higher (better) KOOS activities 
of daily living (ADL) (r = 0.483, p = 0.031; 95% CI 0.053, 0.965).  VL CSA at 1 month was 
associated with KOOS pain (r = 0.492, p = 0.027; 95% CI 0.096, 1.449) and KOOS sports 
and recreation (SportRec) subscale (r = 0.544, p = 0.013; 95% CI 0.201, 1.505).  VL CSA 
percent change from baseline to 1 month was also related to KOOS Sport Rec (r = 0.553, p = 
0.011; 95% CI 0.188, 1.288).  VL CSA at 3 months trended towards a significant association 
with KOOS SportRec (r = 0.414, p = 0.070, 95% CI -0.053, 1.218), QOL (r = 0.384, p = 
0.094, 95% CI -0.102, 1.186), and IKDC (r = 0.382, p = 0.096, 95% CI -0.106, 1.184).  VL 
CSA percent change from baseline to 3 months trended towards a significant association with 
KOOS SportRec (r = 0.419, p = 0.066, 95% CI -0.036, 0.999).  Correlation coefficients for 
measures of CSA and percent change in CSA are found in Table 4. 
Discussion 
 The purpose of this study was to prospectively evaluate how changes in quadriceps 
muscle quality and size following ACLR influence self-reported disability.  We hypothesized 
that ACLR patients with poorer QMQ and greater declines in QMQ and muscle size over the 
first 3 months post-ACLR would report poorer scores on the KOOS subscales and IKDC.   
Our primary hypothesis that poorer QMQ would relate to poorer self-report outcomes 
was partially supported, as higher VL EI at 3 months was associated with lower scores on the 
KOOS symptom subscale.  Higher EI at baseline, 1 month, and 3 months also trended 
towards poorer KOOS and IKDC at 3 months.  Our findings are similar to Garcia et al.234 
who reported relationships between VL EI and KOOS subscales an average of 51 months 
post-ACLR.  Previous literature also suggests that IKDC scores at 9 weeks post-surgery and 
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at the time of return to activity are linked to greater fat content of the quadriceps.233  Muscle 
size and change in size over time were also associated with poorer self-report outcomes. 
These results are similar to previous studies showing that larger VL CSA at 51 months post-
ACLR is related to higher scores on the KOOS SportRec subscales.234  Our results are unique 
in that early measures of EI and CSA at baseline and 1 month trended towards a significant 
relationship with future self-report outcomes at 3 months.   This indicates that early 
morphological changes and the magnitude of those changes potentially have a detrimental 
effect of self-reported outcomes.  Tracking EI and CSA early via US and throughout the 
rehabilitation process, may be a beneficial tool for tracking morphological progressions that 
may impact outcomes further removed from surgery.  Future research should focus on how 
QMQ and CSA impact self-reported function at return to sport and throughout the lifespan 
and if mitigating changes in QMQ improves these outcomes.   
Quadriceps muscle function following ACLR associates with self-reported 
function.258–261  Quadriceps strength accounts for 21-61% of the variance in IKDC scores 
between 44 and 54 months post-ACLR259,261  Bodkin et al.258 reported that individuals within 
2 years of ACLR demonstrate a positive relationship between unilateral quadriceps strength 
and KOOS and IKDC scores, and that individuals further removed from surgery 
demonstrated a relationship between better hopping performance and higher KOOS and 
IKDC scores.  The majority of the literature reporting associations between quadriceps 
dysfunction and poor self-reported outcomes were conducted at the time of return to sport or 
later, after the primary rehabilitation period.  This limitation is partially attributed to how 
quadriceps function is measured.  Patients are typically restricted early post-ACLR from 
performing tasks that require high-level knee extension effort such as hopping and maximal 
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voluntary isometric contractions to preserve the integrity of the harvested graft.  As such, 
quadriceps EI and CSA may provide surrogate indicators of quadriceps function that can be 
obtained early following ACLR and serially tracked across the course of rehabilitation.  
Higher EI in elderly individuals and those with OA is related to decreased strength and 
poorer function during activities of daily living68–71 due to greater amounts of adipose tissue 
that reduce a muscle’s ability to effectively contract leading to a decrease in force producing 
capabilities.60  Central activation ratio (CAR) is also lesser in healthy individuals with greater 
amounts of intramuscular fat.64  Our pilot data indicate that poorer QMQ is related to poorer 
quadriceps function.  The ACLR limb also displays poorer QMQ compared to the 
contralateral.231  Because greater intramuscular fat is linked to quadriceps dysfunction, the 
relationship between poorer QMQ and poorer patient reported outcomes may be driven by 
reduced functional capacity of the quadriceps.  However, no direct measure of quadriceps 
function was performed in this study.  Future research should continue to investigate the link 
between QMQ, quadriceps function and self-reported outcomes.   
The KOOS is a valid and reliable tool for assessing disability in those with knee 
injury who either have or who may be at risk of developing knee osteoarthritis.262  The 
various subscales allow clinicians to track a wide variety of disabilities ranging from basic 
activities of daily living to sport specific tasks such as twisting/pivoting and jumping.  
Interestingly, our results indicate that different measures of the quadriceps represent 
relationships with different subscales.  Our measures of quadriceps EI demonstrated 
associations with symptoms, ADLs, and QOL, whereas quadriceps size and change in size 
associated with measures of pain and SportRec subscales.  These findings are similar those 
reported by Garcia et al.234 an average of 51 months post-ACLR.  Interestingly, that study 
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reported relationships between EI, CSA, and patient reported outcomes, while strength 
measurements did not relate to self-reported function.  The authors hypothesized that 
maximal strength may not fully explain variance in KOOS and IKDC due to the submaximal 
nature of the tasks associated with each survey  Based on the results of the present study and 
previous literature, QMQ and CSA derived from ultrasound may provide insight on patient 
reported function and future function in the absence of or inability to measure quadriceps 
function.  Inclusion of both measurements are necessary in order to make global inferences 
on self-reported function. Continued research should investigate these relationships and 
determine if improvement in QMQ leads to better subjective outcomes.  Aerobic exercise in 
elderly women leads to reduced intramuscular fat and increased fat metabolism.238  Eccentric 
cross-exercise in immobilized patients helps maintain muscle size and strength, those with 
ACLR experience improved neural function and patient reported outcomes.239,241  Future 
research should investigate if aerobic and eccentric cross exercise helps maintain muscle 
quality and this may influence patient reported outcomes.   
The results of the current study should be interpreted in the within the context of its 
limitations.  Notably, we enrolled a relatively small sample size yielding some analyses that 
were likely underpowered.  Future research should continue to explore these relationships in 
larger samples to confirm the existence of associations between QMQ and patient reported 
outcomes.  Additionally, only self-report outcomes were only assessed at 3 months post-
ACLR.  Our original protocol included assessments at 3 and 6 months, but patient 
compliance at the 6-month assessment point was extremely limited due to COVID-19 
restrictions.  Only the VL and RF were assessed, and we did not consider potential changes 
to the vastus medialis or intermedius due to images clarity issues of the deeps borders.  
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Measures were also conducted at a single muscle location.  Future investigations should 
investigate changes in multiple sites and across all 4 muscles for a more comprehensive 
evaluation.   
Conclusions 
 The results of the current investigation suggest that poorer QMQ, smaller CSA, and 
greater changes in QMQ and CSA following ACLR are associated with poorer self-reported 
outcomes following ACLR.  Early measures of CSA and QMQ at baseline and 1 month were 
also associated with self-reported function at 3 months suggesting that early declines prior to 
and following surgery may have lasting effects.  Assessing QMQ and CSA via ultrasound 
provides a surrogate measure to quadriceps function that can be measured immediately 











Table 10. Echointensity, CSA, and % Change at each time point.  [Means (SD)] 
  Baseline 1 month 
% Change 
at 1 month 3 months 
% Change at 3 
months  
RF EI (AU) 89.9 (21.6) 97.5 (19.2) 9.8 (11.0) 97.2 (19.5) 9.4 (11.1) 
VL EI (AU) 92.7 (22.6) 102.4 (21.9) 11.4 (8.0) 102.3 (22.1) 11.5 (8.1) 
RF CSA (cm2) 7.8 (1.5) 6.6 (1.6) -15.1 (17.2) 7.3 (1.5) -5.2 (16.3) 
VL CSA (cm2) 21.7 (5.9) 15.9 (4.5) -25.1 (13.8) 18.7 (5.5) -12.5 (13.8 


















Table 11. Average Patient Reported Outcome Scores [Means (SD)] 




Activities of Daily Living 
Sport and Recreation 



























Table 12.  Pearson Correlation Coefficients for Measures of Echointensity and Patient 
Reported Outcome scores. [r (p)] 
  KOOS Subscales 
IKDC 













































































































































* denotes a statistically significant association (p < 0.05) 











Table 13.  Pearson Correlation Coefficients for Measures of CSA and Patient Reported 
Outcome scores. [r (p)] 
  KOOS Subscales 
IKDC 













































































































































* denotes a statistically significant association (p < 0.05) 
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